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Abstract

The purpose of this research has been to conduct fundamental investigations of tur-
bulent mixing, chemical reaction and combustion processes in turbulent. subsonic and su-
personic flows. This program is comprised of several efforts. In particular.

a. an experimental effort,

b. an analytical effort.

c. a modeling effort,

d. a computational effort.
and

e. a diagnostics development and data-acquisition effort,

the latter as dictated by specific needs of the experimental part of the overall program.

Our approach has been to carry out a series of detailed theoretical and experimen-
tal studies primarily in two well-defined. fundamentally important flow fields: free shear
layers and axisymmetric jets. To elucidate molecular transport effects, experiments and
theory concern themselves with both liquids and gases. Modeling efforts have been fo-
cused on both shear layers and turbulent jets, with an effort to include the physics of the
molecular transport processes, as well as formulations of models that permit the full chem-
ical kinetics of the combustion process to be incorporated. Our recent analytical efforts
have concentrated on a hydrodynamic analysis of the stability of compressible shear layers.
The computational studies are, at present, focused at fundamental issues pertaining to the
computational simulation of both compressible and incompressible flows.




1. Introduction

Progress in the effort under the sponsorship of this Grant, for the period ending 153
April 1989, has been realized in several areas. In particular,

a. in chemically reacting, gas phase, subsonic shear layers with unequal free stream
densities;

. . . . . +
b. in the investigations of turbulent jets+, namely

1. investigations of gas phase, chemically reacting jets; ‘
2. liquid phase jet mixing and interface topology studies: |

3. the development of jet mixing models that permit the inclusion of full chem-
ical kinetics calculations;

c. supersonic shear layers, namely:
1. hydrodynamic linear stability analysis of homogeneous compressible free (un-
bounded) and confined shear layers;
and
2. the design and fabrication of the supersonic shear layer combustion facility.

d. in the computational effort:

1. the development of lagrangian computational methods for compressible, un-
steady flows;
and

2. the development of efficient algorithms for vortex dynamics calculations.

Finally, in our diagnostics effort,

e. we have taken the opportunity to document some of our progress in the mea-
surement and processing of low intensity signals, derived from laser scattering
experiments.

These will be discussed below.

 The investigations of turbulent mixing and combustion in turbulent jets are co-sponsored by the Gas
Research Institute.




2. Mixing and combustion in turbulent shear layers

An extended review of shear layer mixing and combustion. including issues that are
likely to prove important in the context of compressible shear layers and which we will
specifically address in the upcoming research, was presented at the 27" AIAA Aerospace
Sciences Meeting (Reno, Nevada), 9-12 January 1989), and again, with several exten-
sions. at the 9" International Symposium on Air Breathing Engines (Athens, Greece), 3-9
September 1989 (Dimotakis 1989). A copy is included in this report as Appendix A.

2.1 Heat release effects

The archival documentation of the work on heat release effects, undertaken under the
sponsorship of this Program, as part of the Ph.D. research effort of Dr. J. C. Hermanson.
is included in this report as Appendix B.

2.2 Free stream density ratio effects

A Ph. D. thesis documenting this part of the effort in subsonic shear layer ming and
combustion, as well as other related work, is presently being prepared by Mr. C. E. Frieler.

2.3 Supersonic shear layer combustion facility

The preponderant fraction of the effort in this part of the program has been directed
towards bringing the new supersonic shear layer facility on line. The previous version (3.0)
of the Design Review Report (Hall, Dimotakis, Papamoschou & Frieler 1988) has been
updated (Hall & Dimotakis 1989). It includes engineering drawings and summarizes the
design and some of the fabrication details of the facility. It is presently on file at the
GALCIT library. Copies are available from P. E. Dimotakis on application.

At this writing, the development of the algorithm for the on-line feedback control of
the rotary throttling valve is in progress. It is being tested using a reduced sonic throat
area” for the plenum nozzle to conserve gas during the development phase.

The control strategy is based on a program control part, which initiates the flow and
compensates for the drop in the tank pressure in the course of the run, and a feedback
control part, which maintains the plenum pressure to the requisite tolerances and uses a
system model based on a linearization of the system response, following the program control
actuation.

* 3in? vs. roughly the 8 in® required for the My = 1.5 (high speed stream Mach number) flow planned
for the first set of runs.
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This effort is part of the Ph.D. research of Mr. Jeffery Hall. with the participation of
Dr. Henning Rosemann. who has recently joined the program as a Post Doctoral Research
Fellow in Aeronautics.

2.4 Hydrodynamic instability of compressible shear layers

The instability behavior of both free and confined compressible plane mixing layers
with respect to two-dimensional, spatially growing wave disturbances are investigated us-
ing linear stability analysis. Studies were made for the case of inviscid flow under the
assumptions that the main flow can be treated as parallel, that the gases in the two paral-
lel streams are non-reactive, non-heat-conducting and that the molecular diffusion processes
of the flows are neglected. The disturbances in the flows are taken as of small amplitudes.
The effect of

a. the free stream Mach number,

b. the velocity ratio.

¢. the gas constant (molecular weight) ratio,

d. temperature ratio and temperature profile -
and

e. the ratio of the specific heats

on the linear spatial instability characteristics of a plane mixing layer were determined. The
effect of the convective Mach number, which has been suggested by Bogdanoff (1983) and
by Papamoschou & Roshko (1988) as the compressibility-effect parameter, on the growth
rate of the mixing layers was studied.

In a finite thickness mixing layer, all mean quantities, such as the velocity. density,
temperature, gas constants, concentration and the ratio of the specific heats, vary gradually
across the mixing layer. To carry out the numerical calculations, we took the mean velocity
profile of the mixing layer to be a hyperbolic tangent profile. The mean temperature dis-
tribution was obtained using both the Crocco-Busemann relation and a hyperbolic tangent
profile. The concentration profile of the mixing layer was also assumed to be a hyper-
bolic tangent. The range of the unstable frequencies and wave numbers were numerically
calculated using a Runge-Kutta method combined with a shooting technique.

For a free mixing layer with subsonic convective Mach numbers, there is only one un-
stable mode propagating with the phase velocity C,, approximately equal to the convective
velocity of the large scale structures U.. As the convective Mach number approaches or
exceeds unity, there are always two unstable modes. One is with a phase velocity C, < U,
and the other is with a phase velocity C, > U.. As we increase the convective Mach num-
ber, the phase velocities of the two unstable modes will further decrease or increase. A
nearly universal dependence of the normalized maximum amplification rate on the convec-
tive Mach number was found. This amplification rate decreases significantly with increasing
convective Mach number in the subsonic region and goes to zero as the convective Mach
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number M. or M., > 1. Some of this work was documented in a paper presented at the
1t National Fluid Dynamic Congress (Zhuang, Kubota & Dimotakis 1988) and. with some
minor revisions and extensions, has since been accepted by the AIAA J. for publication.
A copy of the revised paper (Zhuang, Kubota & Dimotakis 1989). as submitted to the
AIAA J. is included as Appendix C. It was also found that decreasing the thickness of
the total temperature profile relative to the velocity profile or that adding a wake com-
ponent in the velocity profile can make this normalized amplification rate decrease slower
for subsonic convective Mach numbers and approach an asymptotic value for supersonic
convective Mach numbers.

For a mixing layer inside parallel flow guide walls, the effect of walls on a spatially
growing shear layer was also investigated. It was shown that, in this case, if the convective
Mach number exceeds the critical value, which is about 1, there are many unstable modes.
The effort is continuing with calculations of the instability characteristics of the unstable
modes, the contour plots of the pressure perturbation fields and the streaklines of the
flows. It should be noted that this, more recent, part of the work has suggested some
strategies for flow control that would only be realizable under supersonic flow conditions.
No documentation of this part of the effort is, as yet, available.

This effort is part of the Ph.D. research of Ms. Mei Zhuang, which is performed in
collaboration with Prof. Toshi Kubota of GALCIT.




3. Mixing and combustion in turbulent jets

The part of the research effort dealing with mixing, chemical reactions and combustion
in turbulent jets is co-sponsored by the Gas Research Institute*=

3.1 High Pressure jet Combustion Facility

The first preliminary experiments in this facility are under way. These are fiocused on
investigating the dependence of turbulent jet flame length on the flow Reynolds number.
The diagnostics utilized in these experiments are designed to give a sensible and accurate
measure of flame length. Long (58 cm), small diameter (25um), Pt—10%Rh wires are
stretched across the jet centerline at positions beginning at z/d = 20 (the start of the self-
similar region) to z/d = 200. Sixteen wires are spaced at axial locations selected to give
equal spacing on a log(z/d) axis (see Fig. 1). Platinum was chosen for its high coefficient of
resistivity and rhodium was chosen to increase the strength. The wires are welded to 5cm
long inconel prongs, which serve as cantilevered springs maintaining tension in the wires.
The resistance of these wires, when stretched across the flame, yields an accura‘e estimate
of the line-integrated heat release (temperature rise) resulting from the chemical reaction.

Beyond the end of the reaction zone (flame length), the heat released is simply diluted
by the subsequently entrained fluid. Temperature becomes a conserved scalar obeying the
similarity law

| AT(z,y) - d*
‘ : ATO Zz — T
where z is the streamwise (jet axis) coordinate, y is normal to it, AT(z,y) is the tempera-
ture rise at (z,y), x and ATy are constants determined by experiment. d* is the momentum
diameter of the jet, g is the similarity mean profile function (determined by experiment).
and

g(n) . (la)

y
I — X9

n= (1b)
is the similarity variable with z¢ the virtual origin. See Fig. 1.

Taking the line integral of Eq. 1 along y, at constant z (along a wire), yields

L2 AT(z,y) a/L [
dy =
L/ —af, W=«- /_ g(n)dy

L/2 I —=1Zo o

d. [» »]
= x (f) /_wy(n)dn

where L is the span (length) of the wire, or, for z > z;, where z; is the flame tip.

Lrr AT(z. AT(z.y)
L/L/2 AT, dy # fn(z) . (2)

“* GRI Contract No. 5087-260-2467 (1-Jan-87 to 31-Dec-89).
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FiG. 1 Schematic of the diagnostics with the coordinate axes indicated. Note that the
virtual origin z¢ of the flow field can be adjusted by translating the nozzle assembly
with respect to the fixed wire assembly.

We conclude that the (time-averaged), line-integrated mean temperature rise measured
at each wire beyond the flame tip at z is expected to asymptote to a constant value. Ac-
cordingly, the linc integral will rise to that asymptotic value, as dictated by the cumulative
mixing and chemical product formation (heat release) to that station, for values of z/d
smaller than z;/d, the end of the flame region. The law with which this asymptotic be-
havior is attained is at present controversial; an issue that will have to be resolved both
theoretically as well as with the planned for experiments. A sample plot of one of our first
runs is included as Fig. 2. The data support one of the original guesses of a (close to)
logarithmic dependence on z/d: the reason for installing the wires with such a spacing to

start with.
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F1G. 2 Mean temperature rise, normalized by the adiabatic flame temperature rise ATy
for the chemical reaction (preliminary data).

The primary purpose of the first set of experiments is to examine whether the adage
of the Reynolds number independence of these quantities is correct. We are excited in that
our proposed definition of flame length appears to represent a significant advance in the
way this imporant quantity should be understood. The outcome of these experiments is
of considerable significance in the broader context of our understanding and modeling of
mixing in high Reynolds number, turbulent flows.

This effort is part of the Ph.D. research of Mr. Rick Gilbrech.

3.2 Turbulent structure and mixing in high Schmidt number jets

Our work with high resolution (both spatial and temporal) measurements in the passive
scalar field of the turbulent jet is continuing. To date, these experiments have vielded
several new and interesting results. Among these is our finding that the scalar interface
geometry cannot be characterized by a constant fractal dimension. contrary to previous
and continuing claims in the literature.

The geometry of scalar interfaces, and in particular, the surface-to-volume ratio. is of
great interest in modeling reacting, turbulent flows. We find that a stochastic, log-normal
model agrees well with the results at lower Reynolds numbers (Re < 12.000). while behavior
at higher Reynolds numbers appears to be somewhat more complicated. This corroborates
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previous findings that jet flow is undergoing a transition at a Reynolds number in this
vicinity. A paper covering this material was presented at the ASME (La Jolla) meeting
last July, and has also been submitted to Physics of Fluids. A similar presentation will also
be given at the Thanksgiving APS Fluid Dynamics meeting. A copy of this paper (Miller

& Dimotakis 1989) has beea included in this report as Appendix Df.

A second very interesting, and. to the best of our knowledge. new finding is that the
normalized rms, i.e. ¢’/¢, scalar fluctuations in the high Schmidt number jet vary with

Reynolds numbert. Since the normalized rms is a measure of the degree of mixing (un-
mixedness), this has important implications for mixing, chemical reaction and combustion.
To further explore the behavior of the rms and the geometric description of the scalar
interface. additional experiments are in progress.

Modidcations are presently underway to further increase the resolution of the mea-
surements. which will permit an increase in the range of Reynolds numbers which may be
studied in this manner. These changes should allow us to examine the scalar field with
an adequate resolution to Reynolds numbers as high as 100,000, or more, complementing
our gas phase reacting jet work (see Sec. 3.1). Comparison between these two experiments.
as well as the completed work in the non-reacting gas phase jet (Dowling 1988, Dowling
& Dimotakis 1988), should make it possible to discern aspects of the fluid dynamics of
mixing in the jet which are specific to the gas phase from those which are not, i.e. Schmidt
number effects. In addition, mixing in certain gas flows may behave with a very high effec-
tive Schmidt number. such as in the presence of soot, or other particulates. in which case
the high Schmidt number results will be useful for direct application.

This effort is part of the Ph.D. research of Mr. Paul Miller.

An effort was made in that paper to list the plausible reasons for the discrepance between the findings
of other investigators and our recent results. We feel that the resolution of this issue will help advance
our fundamental understanding of these phenomena.

L ad

We appreciate ‘hat this finding could be construed as indicative of inadequate resolution in our mea-
surements. ‘Ae have taken particular pains to address this issue, however, and can ascertain that the
result stands.

Appended as part of the 1988 Annual Report (Dimotakis et al. 1987).
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4. Computational effort

Our computational effort is focused in two areas: numerical simulation of compressible
flows and the advancement of vortex methods for incompressible flows. These will be
discussed below.

4.1 Compressible flows

A promising new Lagrangian technique for the numerical simulation of unsteady com-
pressible flows, including chemical reactions, is under development. For the non-reacting
case, this method can be classified as a shock-capturing Godunov-type method. It is char-
acterized, however, many new and interesting features which permit very accurate results.
e.g. perfect discontinuities as in shock-fitting methods, while retaining the robust character
of shock-capturing methods. The basis for the spatial discretization is a number of La-
grangian computational cells, i.e. cells whose boundaries are permitted to move either with
the local fluid velocity, or with a different velocity in regions where there are discontinuities
or reaction zones. This scheme injects to the numerical simulation the physics of shocks*=,
permitting the capturing of shocks as perfect discontinuities, for example.

As a first step, we have implemented the scheme in one-dimension without chemical
reactions. In the figure we show the results for a standard shock-tube problem, i.e. unsteady,
one-dimensional flow (e.g. Sod 1978). Our results are already better than any other known
numerical method that has been used in such flows. Sample plots, capturing an instant in
the unsteady shock/expansion process are included as Figs. 3a, through 3c.

The next step, presently in progress, is to extend the method to include chemical
reactions, e.g. detonation waves. Following this, we plan to address unsteady, compressible

flows in two dimensions.

This effort is part of the Ph.D. thesis of Mr. Tasso Lappas.

** Cells which are in the vicinity of, or ate about to experience, shocks are computed separately solving a
local Riemann problem at each time-step.

cemeocors vevmr o rvessin mscoen e
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FI1G. 3a Shock tube problem: Velocity profile at ¢t = 0.225 (flow computed using 300 la-
grangian cells).

4.2 Fast vortex algorithms and parallel computing

Vortex methods represent a powerful technique for the numerical simulation of in-
compressible, two- and three-dimensional flows at high Reynolds numbers. In a typical
simulation, the time evolution of a vortex element is influenced by all the other elements
in the domain. Consequently, the required CPU time for standard algorithms grows like
the square of N, where NV is the number of computational elements. As a result, reason-
able computing times cannot be obtained for N larger than a few thousand. To make
the calculation more efficient, it has been proposed that one should approximate the in-
teraction of distant groups of vortices. Pairwise interactions between individual elements
of the groups are replaced by a simpler cluster-to-cluster interaction. In the context of
this approximation, a group of vortices could be replaced by a single vortex judiciously
sized and located. The cluster-to-cluster approximation is computed as if only two vor-
tices were involved. The resulting induced velocities are applied to all the members of the
respective groups. This simple approximation is very fast but requires groups which are
tightly bounded and very far apart, otherwise significant errors are made in the evaluation
of the velocities. These cluster-to-cluster approximations cannot be used on large groups
where the potential speed-up is the most important. As a result, this ap; .ch is not
much faster than the regular N2 algorithm. More sophisticated approximati. .~ are needed
to compute the interactions of large clusters accurately. In one suggested technique. the
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FiG. 3b Shock tube problem: Density profile at ¢t = 0.225. Note shock discontinuity and
discontinuity across the driver/driven gas contact surface.

inducting effect of a cluster can be represented by a multipole expansion (in 2-D), while
a Taylor series describes the velocity induced within a group. Any level of accuracy can
be obtained by keeping more terms in the expansions. It can be shown that the error due
to any given approximation is bounded by (dr/r)”, where dr is the radius of the largest
group, r is the distance between the groups, and p is the number of terms in the expansions.
Since these quantities are known, an error estimate can easily be obtained. If this estimate
is large than some criterion, €, the approximation is rejected. Smaller groups are sought
until valid approximations, consistently with the imposed tolerable error specification, are
found. Ultimately, the influence of the nearby vortex elements is computed using pairwise
interactions. At that level, the short range core effects can be included.

Regardless of the approximation used, the binary tree is the most appropriate date
structure to efficiently implement the algorithm. Each cluster is composed of two subclus-
ters; it has two children. When an approximation is rejected, pointers are used to have
access to the information concerning the subclusters. A hierarchy of “meshes” is produced
and interactions are computed at the coarsest possible level. This binary tree is actually
built from the bottom up. Neighboring vortex elements are grouped into clusters. Pairs of
nearby clusters are assembled into a larger structure and so forth. This data structure is
grid free and moves with the vortex elements on top of which it resides. Slight readjust-
ments of the tree are made at every time step to insure that the groups remain as compact
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FI1G. 3¢ Shock tube problem: Pressure profile at ¢t = 0.225. Note continuity across contact
surface (¢f. Fig. 3b).

as possible. To realize the potential efficiency gains, the data structure must reflect the
organization existing in the flow.

Because of its unpredictability, this algorithm is difficult to vectorize, but its imple-
mentation on a parallel processor (Caltech Mark III) is underway. The preliminary results
are encouraging. Several promising strategies have been proposed that should lead to rea-
sonable load balancing.

This effort is part of the Ph.D. research of Mr. Francois Pepin.



5. Modeling effort

Several modeling efforts are in progress. In particular, an effort to model mixing
and chemical reactions in turbulent shear layers, including finite chemical kinetic rate ef-
fects. based on the ideas put forth by Broadwell and Breidenthal (1982), has recently been
published (Broadwell & Mungal 1988) and is included as Appendix E. In addition. a co-
operative modeling/computational effort! to simulate turbulent jet mixing, also using the
Broadwell-Breidenthal ideas, and a full chemical kinetic description of the combustion pro-
cess, utilizing the CHEMKIN code package {Kee et al. 1980), is also in progress with the
SANDIA Combustion Research Facility. This effort attempts to simulate such effects as
the formation of oxides of nitrogen in tuisulent jet diffusion flames, a process which relies
on muitiple low and chemical kinetic time scales, as well as the results of our flame length
experiments currently in progress, described in this report in Sec. 3.1.

6. Diagnostics effort

We have traditionally not permitted the development of diagnostics methods to become
an end in themselves. Nevertheless, as part of the larger effort under the sponsorship of
this program, several significant advances in diagnostics have been realized. over the years.
which have permitted measurements to be realized that would otherwise have been out of
reach of the state-of-the-art at the time. One of these is the development of very high signal-
to-noise ratio measurements of light, using solid state detectors coupled to transimpedance

. . . . t
amplifiers, as usually arise in laser scattering experiments*.

This technique was recently documented (Dowling, Lang & Dimotakis 1989). A reprint
has been included as part of this report as Appendix F. We would like to draw the reader’s
attention to Fig. 6 in that paper, where the spectrum of the jet fluid concentration fluctu-
ations, measured using Rayleigh scattering techniques, is shown with a spectral signal-to-
noise ratio (SNR) of, roughly, 60 dB~.

We note that does not represent the maximum we have attained to date. In particular,
measurements with a spectral SNR of 80 dB have been realized in water laser scattering
experiments™™. The signal processing and spectrum estimation techniques that were utilized
for this estimate have also been developed under the sponsorship of this program over the
years. A preliminary account was given in Dowling (1988). We, unfortunately, have not
had the opportunity to fully document the latter as yet.

Cosponsored by the Gas Research Institute.

++

The conventional wisdom is that at such low light levels, only photomultiplier tubes (PMT) can be
used. We have, in effect, lowered the light intensity threshold by a very large factor at which the PMT
becomes the detector of choice.

Ratio of highest spectral power to the noise level.

Note that these SNRs are achieved using 12-bit A/D converters (resolution of 1 part in 4,096 of full
scale). The maximum spectral SNRs we have attained (with 12-bit data) is ~ 100dB (in some recent
measurements of hydroacoustic spectra).
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Turbulent free shear layer mixing and combustion*

by

Paul E. Di'motakis“

Graduate Aeronautical Laboratories
California Institute of Technology
Pasadena, California 91125

Some experimental data on turbulent free shear layer growth. mixing. and chemical reactions are reviewed. The depen-
dence of these phenomena on such fluid and flow parameters as Reynolds number, Schmidt number and Mach number
are discussed with the aid of some direct consequences deducible from the large scale organization of the flow as well as

from some recent models.

1. Introduction

The mixing of two or more fluids that are entrained into a
turbulent region is an important process from both a scientific and
an applications vantage point. If the issue of mixing arises in the
context of chemical reactions and combustion, we recognize that
only fluid mixed on a molecular scale can contribute to chemical
product formation and associated heat release. The discussion in
this paper will be limited to this level of mixing.

The theoretical importance of the study of molecular mixing
by turbulence is in that it provides a test for models of the be-
havior of the smallest scales of turbulence. These correspond to
a spectral regime that can be treated in a rather more cavalier
fashion if one need only address the momentum transport proper-
ties of the turbulent region (Brown & Roshko 1974), for example,
but must be described with some deference to the physics at those
scales if molecular mixing is to be accounted for correctly. From an
experimental point of view, molecular mixing and chemical reac-
tions in high Reynolds number flows provide us with an important
probe of diffusion length and time scales that would otherwise re-
main beyond the reach of any conceivable direct measurement di-
agnostics. Matters are no better computationally, with the requi-
site spatial/temporal resolution long recognized to be out of reach
(Von Neumann 1949), a situation that must still be accepted as
the-case for high Reynolds number flow for the foreseeable future
(e.g. Leonard 1983, Rog-llo & Moin 1984). Finally, from a techno-
logical vantage point, mixing in a turbulent environment may well
dictate the performance of many devices that rely on the details
of the turbulent mixing process, such as high fuel efficiency inter-
nal combustion engines, chemical lasers, hypersonic propulsion,
etc. It is also likely to prove to be an important consideration in
other contexts, such the local and global environmental issues in-
volving chemistry in the turbulent atmospheric environmeunt, the
dynamics of stellar atmospheres and interiors, et c.

The discussion here will be limited to that of mixing in tur-
bulent shear layers, formed between two uniform free streams of
unequal velocity — not necessarily of equal density — at high
Reynolds numbers. In particular, at least for subsonic flow, for
values of the local Reynolds number given by

Re sal

> 10%, (1)

where § = 6(z) is the (local) transverse extent of the turbulent
shear layer region,
AU = U, - U (2)

is the velocity difference across the shear layer. and v is some
appropriate measure of the kinematic viscosity. In the discus-
sion that follows, issues pertaining to gas phase mixing will be
addressed, for which the Schmidt number,

v

Sc = 5 . (3)
with v the kinematic viscosity and D the diffusing/mixing species
diffusivity, is near unity. Mixing in liquid phase flows, for which
Sc > 1 (e.9. SCyqter = 600), will also be discussed. The differ-
ence in the mixing between these two cases is important in that
it provides important clues in the behavior of the smallest scales
of the flow.

While the two-dimensional shear layer flow geometry may not
be germane to all the issues alluded to above, many of the phenom-
ena that need to be addressed are generic and two-dimensional
turbulent free shear layer flows provide a useful arena in which
they can be studied. Additionally. however, the flow within the
turbulent region formed between the two free streams is capable
of sustaining relatively rapid mixing, and one that can be fur-
ther enhanced by a variety of flow manipulation means. This is
a consequence of the property of shear-driven turbulence, which
at least for sub-sonic flow conditions can generate interfacial sur-
face area between fluids inducted _from each of the two streams

® Earlier version pressated at the 27'A AJAA Aesaspace Sciences Meeting (Remo, Nevada), 9-12 January 1989 (AIAA Paper 89-0262).
Extended and revised for the 9% ISABE (Athens, Greece), 3-9 September 1989. Copyright @ 1989 by P. E. Dimotakis.

“® Professor, Aeronsatics & Applied Physics.




at very high rates. At the high Reynolds numbers of interest
here, the relatively small (molecular) diffusivity can result in a
total diffusive flux across this very large interface that may come
close to accommodating the rate at which the free stream fluids
are inducted into the turbulent region at the largest scales of the
flow. As a consequence, at least for subsonic, high Reynolds num-
ber, gas phase flows, one finds that the expected fraction é,,/6 of
the turbulent region occupied by moleculariy mixed fluid can be
significant. It’s not called a mizing layer for nought!

It is useful to view the molecular mixing process and any
associated chemical product formation at a particular station z
of the flow as resolved into a sequence of Lagrangian stages in the
“life” of entrained fluid elements bearing the chemical reactants.
These fluid elements must:

i. be inducted into the mixing zone of relative transverse

extent §/z,
then
ii. mix molecularly to occupy some fraction 6, /6, of &(z)
at z,
before

ili. reacting to form the chemical product. which represents,
in turn, some fraction 6p/8m of the mixed fluid.

This suggests expressing the expected chemical product between
the virtual origin (z = 0) of the shear layer flow and the station
at z as a product of factors of the form:

d

Pt tn
: 2% )
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The first factor, §/z, measures the growth of the mixing layer re-
gion, the second, é,,/8, the mizing within the shear layer, while
the third, §p/ém, the chemical reactions that can take place
within the molecularly mixed fluid in the layer. This partition,
at least in the case of high Reynolds numbers is justified by the
fact that the various stages represented by these factors occur in
a succession of Lagrangian times. This resolution also provides
a useful framework within which turbulent mixing and chemical
reactions in two-dimensional shear layers can be discussed and
reviewed, and will be adopted in the discussion that follows.

2. Shear layer growth: §/x

At the high Reynolds numbers of interest and for Schmidt
numbers which, if not large, are not much smaller than unity, the
shear layer growth rate §/z is an important quantity. It measures
the angle of the wedge-shaped turbulent mixing region which con-
fines the mixed fluid and chemical product. Conversely, the width
of the turbulent region §/z, represents an upper bound for the
amount of mixed fluid we can hope for in the layer, corresponding
to a scenario in which the entrained fluids are mixed instantly,
on a molecular scale, as soon as they enter the turbulent region
within the transverse extent §.

2

The transverse extent §/z of the shear layer is known to
depend on several dimensionless parameters of the flow, 1.e.

ﬂ
U

ﬁ

[4}

) (3}

a
“
L

the free stream velocity and density ratios, respectively, the (con-
vective) Mach numbers of the two streams. i.c.
[/'l - Uc

Mo = === and

U.=-Ua
M., = Ca—zb' . (6a)
where

Uz < U < 1y (6b)

is the convection velocity of the large scale structures in the shear
layver, and a, : are the speeds of sound in the high and low speed
free stream, respectively. In the case of combusting flow. it also
depends on the relative mean density reduction Ap/p in the in-
terior of the chemically reacting shear layer owing to heat release.
For equal free stream densities (py = p2 = po), this can be ex-
pressed in terms of the parameter

po-p Ap )

=282 _ £ {
! Po o

where 5 is the (reduced) mean density of the flow within the
§/z shear layer wedge. Finally, the shear layer growth rate is
influenced by the presence of streamwise pressure gradients. We
note, however, that if dp/dz # 0 (accelerating/decelarating flow),
the shear layer will not grow linearly, unless it so happens that
the dvynamic pressures in the two free streams are matched, i.e. if
21U’} = p2U} (Rebollo 1973). Experimental information as well
as some theoretical understanding of the dependence of é/r on
these parameters is available, even though the picture is as yet far
from complete or satisfactory.

By 4, in this discussion, we will denote the local transverse
extent of the sheared region that contains the molecuiarly mixed
fluid in a boundary layer sense, i.c. the distance between the shear
layer edges outside which the expected concentration of molecu-
larly mixed fluid is less than some small fraction, say 1%. of
its peak value. This definition yields a local width which closely
matches the measurements of the “visible” shear layer width §,,,.
as would be measured in a schlieren or shadowgraph picture of the
layer (e.g. Brown & Roshko 1971, 1974). It is also very close to
the 1% width &, in the case of a chemically reacting layer, defined
as the distance between the two points across the layer where the
mean product concentration, or temperature rise owing to heat
release, Las dropped to 1% of its peak value (see Mungal & Di-
motakis 1984, Koochesfahani & Dimotakis 1986). As a result of
the similarity properties of this flow at high Reynolds numbers
(Eq. 1) we can argue that other transverse scales must be fixed
multiples of this §. By way of example, the vorticity or maxi-
mum slope) thickness é, of the mean streamwise velocity profile
U(y), defined by

!L[dum] ' @

1
5. avu | dy

is found to be roughly haif of 4.




2.1 Dependence on velocity and density ratio

Abramowich (1963) and Sabin (1965) proposed an expression
for the shear layer growth rate given by

§ 1-r
2= —_— 9
Z C6l+r- (9)

where C; is taken as a constant. This was found to be in rea-
sonable accord with experimental data of incompressible shear
layers with equal free stream densities. The dependence on the
free stream density ratio was addressed in the seminal experi-
ments by Brown & Roshko (1971, 1974), originally undertaken
to investigate whether the observed reduction in growth rate in
supersonic shear layers could be attributed to deasity ratio ef-
fects. Using different gases for each free stream and subsonic free
stream velocities, they found that while the growth rate depended
on the free stream density ratio, compressibility effects could not
be identified with density ratio effects. In subsequent experiments,
Konrad (1976) provided further documentation of the dependence
on the density ratio and also noted that a shear layer entrained
asymmetrically from each of the free streams.

Brown (1974) proposed an account of these phenomena based
on similarity arguments which recognized the significance of a
Galilean frame translating at the convection velocity U. of the
large structures. Growth™and entrainment is to be understood as
taking place in this frame, whose convection velocity is a function
of both the density and velocity ratio. His theory, which applied
to a temporally growing shear layer, was in reasonable accord
with the observed growth rate deamsity ratio effects, but — as
appropriate for a temporal model — predicted no asymmetry in
the entrainment ratio for matched {ree stream densities, contrary
to Konrad’s observations.

In a subsequent proposal (Dimotakis 1984), the difference
between temporal vs. spatial growth of a shear layer was noted and
exploited to explain the entrainment ratio asymmetry, yielding
aiso an expression for the growth rate of a spatially growing shear
layer given by,

(1= 7)1+ s/?)
2(1 + st/?r)

g(r.a;M —-0) =Cs

_a-atyaean | 9
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where the coefficient C; is independent of the velocity ratio r
and/or the density ratio s. The factor multiplying the braces
describes the growth rate of a temporally growing shear layer and
is the same as the Brown (1974) proposal for shear layer growth.
The observed (and predicted) dependence of the growth rate on
the density ratio is not weak and is plotted for density ratios in
the range 0.1 < s < 8 in Fig. 1, computed for a fixed velocity
ratioof r = 0.4 and the value of C; = 0.37, along with the
experimental values of Brown & Roshko (1974) for s = 1/7, 7,
and the measurement of Mungal & Dimotakis (1984) for s = 1.
Also plotted for comparison is the Brown (1974) prediction for
the temporally growing shear layer. As can be seen, the difference
between the two predicted growth rates is not large. It vanishes
for equal free stream densities (s = 1), where the quantity in the

x (1

0ir. 0 -0)/n

F1G. 1 Incompressible growth rate for fixed velocity ratio r =
Ua/Uy = 0.4 and density ratios 0.1 < s = p3/p; < 8 (Eq.
10; Cs = 2.37). Solid line: spatially growing layer (Eq.
10), open symbols: Brown & Roshko (1974: s = 1/7.7),
filled symbol: Mungal & Dimotakis (1984; s = 1). Dashed
line: temporally growing shear layer (Brown 1974).

braces becomes equal to unity, and where the proposed expression
reduces to the Abramowich-Sabin relation (Eq. 9).

For a free shear layer with no external disturbances!, the
value of the coefficient C; is found to be in the range of
Cs = 0.25 to 0.45 (11)
for the total thickness &, or roughly half that for the maximum
slope thickness &, (see, for example, data compiled by Brown &
Roshko 1974, Fig. 10). An understanding, much less an account-
ing, of this rather large spread of values of the coefficient Cj,
which cannot be attributed to experimental errors, must await fur-
ther investigations. It is not even clear, at this writing, whether
the values in Eq. 11 represent bounds or not. What is clear,
is that this coefficient depends in some way on the initial condi-
tions of the fow (e.g. Batt 1975, Hussain 1978, Browand & Latigo
1979, Weisbrot, Einav & Wygnanski 1982, Lang 1985, Dziomba
& Fiedler 1985).

It has been recognized for some time (Bradshaw 1966) that
the shear layer is sensitive to its initial conditions. Bradshaw
suggests that a minimum of several hundred of the initial momen-
tum thicknesses 8y is required for the shear layer to assume its
asymptotic behavior. In view of the dynamics and interactions
of the large scale structures in the flow, it can even be argued
that this estimate may not be conservative enough (Dimotakis &
Brown 1976). These caveats notwithstanding, there exist suffi-
cient experimental data to suggest that a turbulent shear layer
will exhibit linear growth, even within the Bradshaw z/6, spec
ification, but that the growth rate may not be a unique function
of the free stream density and velocity ratio. This is illustrated in
the schlieren data in Fig. 2 of a shear layer with equal free stream

! As opposed to a forced or driven shear layer (e.9. Oster & Wygnanaski
1982, Husain & Hussain 1983, Ho & Ruerre 1984, Roberts & Roshko 1968,
Roberts 1985, Wygnanski & P 1987, Koochesfahani & Dimotakis
1988).




densities (s = 1), as the flow velocity was increased. keeping
the free stream velocity rutio fixed at r =
the reduction in the shear layer growth rate with increasing flow
velocity is appreciable. It is clear. that this behavior cannot be
attributable to effects scaled by the local Revnolds number. for
example. which increases linearly with z for this flow (see Eq.
1). \Were that the case. or if decaying remnants of the effects of
the initial conditions were respousible. the shear layer would be
growing with curved edges rather than along (straight line) rays

0.4. As can be seen.

emanating from the (virtual) origin.

FiG. 2

Shear layer growth at a fixed velocity ratio (r = 0.4) and
equal free stream densities. as a function of flow velocity
(field of view = 25¢m). Flow here is made visible by
changes in the index of refraction owing to the (small)
heat release from a diluted reactant H, + F; chemical
reaction. (a) 'y = 13m/s, (b) Uh = 22m/s. (c)
Uy = 44m/s. (d) 'y = 83 m/s. Unpublished data by
Mungal, Hermanson & Dimotakis.

This behavior is perhaps better illustrated in the schlieren
~ data in Fig. 3, formed as a composite of two pairs of pictures,
which cover roughly half a meter of flow, and an z/6, of several
thousand. The reader is invited to sight along the shear layer
edges of Fig. 3a. which is characterized by the better contrast. to
ascertain the claim. Note that the highest high speed stream ve-
locity (U)) in these data (Fig. 2) was 83 m/s. with the free stream
fluid primarily comprised of N; (diluent) gas. As a consequence,
the observed reduction in growth rate cannot be attributed to
compressibility (Mach number) effects, which will be discussed
below.

FiG. 3 Composite schlieren data of the same shear layer (probe
array at far right at z = 45em). (a) Uy, = 14 m/s. (b)
U = 88 m/s. Unpublished data by Mungal, Hermaason
& Dimotakis.

It is intriguing that shear layer growth, as far downstream
as several thousand of the orginal splitter plate boundary layer
momentum thicknesses. appears dependent on. if not determined
by, the initial conditions. It is also intriguing that the large scale
structure spaciag appears to be the same in the low and high
speed flow data in Fig. 3. even as their transverse extent is be-
ing reduced: what does appear to be changing is the large scale
structure aspect ratio.

A clue into this behavior may. perhaps. be found in terms of
the notions of convective and global instabilities, first developed
in the context of plasma instabilities ( Briggs 1964, Bers 1975). By
that criterion and the results of temporal. linear stability analysis
the fluctuations in a (co-flowiug) plane shear layer must be clas-
sified as the former. as discussed in Huerre & Monkewitz (1983).
It can then argued that the shear laver should be regarded as
an amplifier of the extrervally imposed disturbances, possessing a
non-unique growth rate thereby. as opposed to the behavior of an
oscillator. which could be characterized by its own growth rate.
That analysis. however. must be amended to include the contri-
bution to the overall stability of the initial development region,
which is characterized by the influence of the wake introduced
into the flow by the splitter plate (Koch 1983, 1985) as Huerre
& Monkewitz discuss. See also Lang (1985), Koochesfahani &
Frieler (1987) and Sandam & Revnolds (1987). In addition. the
differences between a temporally growing layer and the spatially
growing shear lavers of interest here must also be contended with.
Finally, one would have to incorporate additional feedback mech-
anisms present in the real flow in the analvsis. such as the ones
that act on the initial region owing to the long-range velocity
fluctuations induced by the downstream structures. spanning a
range of lower frequencies. as well as owing to pressure fluctua-
tions feeding back to the splitter plate tip as the last structures
leave the shear laver flow domain (test section), as dictated by
the facilitv-dependent outflow boundary conditions (Dimotakis &
Brown 1976). The question of the applicability of linear stabil-
itv analysis to the description of these phenomena aside for the
moment. it is difficult to say at this time whether a proper ac-
counting of all of these influences would alter these gualitative
conclusions.

2.2 Compressibility effects

It has been known for some time that two-dimensional shear
layer growth diminishes as the flow Mach pumber increases, even
after the coupling of the flow Mach number to the free stream den-
sity and velocity ratio that would result in a typical flow facility is
accounted for (Brown & Roshko 1974. Sec. 7.1). Recent analysis
(Bogdanoff 1983) and experimental investigations of compressible
shear layers (Papamoschou & Roshko 1988) have suggested that
the effects of compressibility are scaled by the convective Mach
numbers of the shear layer large scale structures with respect to
the two streams, which measure the relative free stream Mach
numbers as seen from the Galilean frame of these structures (Eq.
6). It is interesting that one can argue for a similar scaling on the
basis of linear stability analysis of compressible shear flow, if the
convection velocity U, is identified with the (real) phase velocity




¢, of the unstable mode in the flow (Mack 1975, Ragab & Wu
1988, Zhuang et al. 1988).

For incompressible flow, the convection velocity U. can be es-
timated by recognizing (Coles 1981) that, in the large scale struc-
ture Galilean convection frame, there exist stagnation points in
between each adjacent pair of structures. Continuity in the pres-
sure at these points (Dimotakis 1984 and Coles 1985), i.c.

1 1
n+ §P1(U| -U.) =p 4+ §P2(Uc- U, (12)

then yields, for py = pa,

Uy~ U,
U= U

P
x -,

P1

(13)

or,

Uso 1+ rslf?

ST+
This agrees with the differently derived Brown (1974) result. the
few estimates of this quantity from the (z,t) data in Brown &
Roshko (1974), as well as the measurements of Wang (1984) in
curved shear layers (see Coles 1985, Fig. 7 and related discussion’.

(13")

For compressible flow, the corresponding result can be simi-
larly estimated from the isentropic relation for the total pressure,

1.e.
_ o a2l
’i;'- = [1 + 7—21 (U—:Ei) ] . (14a)

with i = 1,2 corresponding to the high and low speed streams,
v: the ratios of specific heats, and a; the speeds of sound for the
high speed and low speed stream fluids, respectivelr Approxi-
mately equal pressure recovery from each free stream at the large
structure interstitial stagnation points then yields (for p, = p;)

Pa o Ba (14b)
n o m

This is the same result as the one arrived at by Bogdanoff (1983)
using different arguments (see also discussion in Papamoschou &
Roshko 1988). It also agrees with the linear stability estimates of
this quantity (Zhuang et al. 1988), at least for subsonic convective
Mach numbers. Note that, for equal ratios of specific heats (v, =
72 ), €.g. both free streams composed of diatomic gases, we have

My = Mg, (15)

and the compressible flow relation reverts to the incompressible
result (¢f. Eq. 13).

It should be noted that these results are more robust than the
assumption that the pressure recovered at the large scale structure
interstitial stagnation points can be computed using the (isen-
tropic) Bernoulli equation for the total pressure. It suffices to as-
sume that, if only a fraction of the total pressure is recovered at
these points, that the fractional losses from each side are roughly
the same, in the mean. Considering the symmetries of the flow,
even when viewed as an unsteady process, such an assumption
may well be justified, at least for subsonic convective Mach num-
bers, and yields results in accord with the experimental data cited,
as well as the computational (Lele 1989) evidence to date. Sec-
ondly, we should note that the pressure matching condition (Eqs.

L)

0img, 178(8)

1.0
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FiG. 4 Compressible shear layer growth data for a range of free

stream velocity and density ratios. Shear layer width
normalized by the incompressible value, estimated at the
same free stream density and velocity ratio for each run.
Squares: Papamoschou & Roshko (1988) data. Circles:
growth rates estimated from the Chinzei et al. (1986) data
(see text). Smooth curve drawn to provide an estimate of
the effect (Eq. 17).

12, 14) is not a force balance condition; the large scale struc-
ture is not some intervening impermeable body between the two
streams. Were that the case, a small “imbalance” that would
momentarily decrease the velocity difference with respect to one
stream would provide a positive feedback and drive the velocity
difference with respect to the same stream to zero. This relation
shor' ' . ier be viewed as a non-linear, quasi-stationary phase

andition for the large scale structures: any non-abiding flow sub-
structure is subject to accelerations in its own frame, which will
ultimately convect it with one or the other stream by the force
of the positive feedback mechanism argument above. Perhaps the
rohustness of the large scale flow structures in this flow can be
understood in this light. The positive feedback convection veloc-
ity mechanism strips away all other structures! The success of
linear stability analyses of these phenomena, at least for subsonic
convective Mach numbers, can perhaps also be understood in the
same light, since the dominant surviving mode must abide by the
same considerations.

Papamoschou & Roshko find that the compressible shear
layer growth rate, when normalized by the corresponding incom-
pressible flow growth rate estimated at the same velocity and den-
sity ratio. is only a function of the convective Mach number, say,

Melv s.e i
z(nsiMa) (M) .

g(r. $M, =0)
The Papamoschou & Roshko data are plotted in Fig. 4. The
smooth curve is a plot of the function

H(Ma) = (1= fo)e™3Md & £,

which is drawn as a rough estimate of the effect, with a value
for the asymptotic value, fo, of 0.2. Also plotted in the same
figure are shear layer growth rate estimates computed from the
earlier data of Chinzei et al. (1986), which were processed to es-
timate M, for each of their runs and normalized to the value of
&§(M.1)/6(0) at one point (filled circle). See also Bogdanoff (1983)
for an additional compilation of earlier data.

(16)

(17)




As can be seen in the data in Fig. 4, the convective Mach num-
ber need not be very large for compressibility effects to be signif-
icant. Secondly, for M. > 0.8, the growth rate appears to reach
an asymptotic value roughly 0.2 of its incompressible counter-
part. This is at variance with the results of two-dimensional, lin-
ear shear layer stability analyses (e.g. Gropengiesser 1970, Ragab
& Wu 1988, Zhuang et al. 1988), which find that the growth rate
tends to very small values, as M., — 00. Accepting the stabil-
ity analsis results at face value, the question of the applicability
of such an analysis aside for the moment, the discrepancy could
be attributable to other factors. In particular, it is possible that
three-dimensional modes are more unstable in the limit of large
Mach numbers, as was suggested by Sandam & Reynolds (1989).
Alternatively, the Papamoschou & Roshko experiments were con-
ducted in an enclosed test section, as opposed to the stability
analyses which were carried out for unbounded flow. For super-
sonic convective Mach numbers, a closed test section can act as a
wave guide, providing a feedback mechanism between the grow-
ing shear layer structures and the compression/expansion wave
system whose energy would otherwise be radiated to the far field
(Tam & Morris 1980, Tam & Hu 1988). Finally, recalling our
aside, we should at least note that for supersonic (or near su-
personic) convective Mach numbers, we expect shocks to form ia
the flow, a feature that cannot adequately be captured by linear
stability analysis.

It should be noted that it is not clear at this writing whether
the value of the ratio §(M.1)/6(0), for M. » 1, is intrinsic to
the behavior of the fully developed compressible shear layer, or
depends on the details of the flow geometry, e.g. the distance of
the upper and lower flow guidewalls from the layer, whether only
one or both streams are supersonic, et c. We recognize that in the
context of the potential for hypersonic propulsion, whether the
growth rate tends to zero with increasing Mach number or not is
an important issue; an ever decreasing shear layer growth with
increasing Mach aumber hardly bodes well for efficient supersonic
mixing and combustion!

Papamoschou (1989), subsequentiy conducted a series of ex-
periments in which he investigated the convection velocity of the
large scale structures, for a range of free stream Mach numbers
and various gases. In those experiments he found that at high
convective Mach numbers the large scale structures seemed to be
“dragged” by one stream or another, at variance with the matched
pressure recovery model of Eq. 14. See Fig. 5. Papamoschou of-
fered a qualitative description of how shocks could be responsible
for this behavior, crediting D. Coles for the suggestion (made be-
fore the experiments were conducted) that the effects of shocks
needed to be incorporated in the analysis.

We should appreciate that, for supersonic, or transonic, con-
vective Mach numbers, the free stream flow over the turbulent
large scale structures can support a system of expansions and
shocks. Sach a system may serve to isolate, in effect, the large
scale turbulent mixing structures from exposure to the full rel-
ative free stream velocities. To explore this ansat: a little fur-
ther, we note that the assumption of isentropic (or approximately
matched ) pressure recovery from each stream (Eq. 14) will gener-
ally be grossly unrealistic at supersonic convective Mach aumbers.
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FIG. 5 Experimentally estimated convective Mach numbers for
supersonic shear layers. Squares: M; < 1, circles:
Ms > 1. Dotted line corresponds to My = Mo
and is included for reference (Papamoschou 1989).

In that case, streamlines that end up on interstitial stagnation
points from each free stream will have to traverse a shock, or a
system of shocks for turbulent flow, to connect to the free stream
static conditions and are likely to have suffered a loss in total
pressure that may be reasonably well approximated by that of a
normal shock. This leads to the following possibilities, depending
on which stream has, or can support, shocks. In particular, we
can have

a. shocks in the high speed stream, with a shock-free low
speed stream, t.c.

pu/pr ~ B

H (18a)
Pa/Pa ”

b. low speed stream shocks, shock-free high speed stream,

i.c.
Pa . Palp , (18b)
n Pa/pPa
while
c. for shocks in both streams, we must have
pa/m pu2/p2 . (18¢)
pa/Pa pa/Pa

In these expressions, p/p is the isentropic total-to-static pres-
sure ratio (Eq. 14) and p;/p, is the pre-/post-normal shock total
pressure ratio, given by (for M, > 1},

> 1

(19)
(e.g. Liepmann & Roshko 1957, Sec. 2.13). For the purposes of
this discussion, this ratio will be estimated using the correspond-
ing convective Mach number(s) M. for the normal shock Mach
number(s) M,, in each case!. This situation is depicted in the
exampies in Figs. 6a and 6b, which will be discussed below.
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1 While the propossd scheme for sstimating the total pressure loss may
sat always be justified (especially for low Reynolde sumber flow), the
important coaciusions this simple model afforda should sot be deferred in
the interent of exactitude!




FiG. 6a Convective high speed stream Mach number. computed
for a fixed (lab frame) subsonic low speed Mach number
(M, = 0.5), as a function of M;,for y; = 92 = 1.4 and
matched static speeds of sound. Dotted line: isentropic
prediction (no shocks, Eq. 14). Dashed line: high speed
stream shock (Eq. 18a). Dot-dash-dash: low speed shock
(Eq. 18b). Dot-dot-dash-dash: shocks in both streams
(Eq. 18c). Solid line: U, = Uy (M. = AU/a,). Realiz-
able solutions (U3 < U. < Uy) lie below this line.

Several important conclusions can be drawn from the exam-
ple in Fig. 6a, computed for 71 = 7; and matched static speeds
of sound (a; = az). In this simple model, no shocks can be sus.
tained in a particular free stream unless the corresponding con-
vective Mach number exceeds unity (note that Af,; = Al in this
case). That requires relatively high values of the high speed Mach
number, even though the low speed Mach number was selected to
be low (subsonic), and would require even higher values if both
streams were supersonic. In a realistic calculation, shocks would
first form for convective Mach numbers ciose to — but somewhat
less than — unity, for much the same reasons as they do on the
lifting side of transonic airfoils. For a normal shock (or equivalent
total pressure loss) in one stream (upper dashed curve for high
speed stream, lower dash-dash-dot curve for low speed stream),
the fractional total pressure loss on the side that bears it is such
that the shear layer large structures are now essentially carried
by the other side. If our pressure balance. quasi-stationary phase
condition is to be upheld, the first appearance of a shock in one
stream must result in a significant decrease in the relative veloc-
ity between the turbulent region large scale structures and that of
the other free stream. It requires a substantial additional increase
in the shock-bearing free stream velocity before the relative ve.
locity with respect to the other stream can increase to the point
where shocks could appear there too. Finally, the third possibil-
ity, representing a probably precarious balance of (weaker) shocks
in both streams, is represented by the dot-dot-dash-dash curve.
As expected for this test case (matched v's, matched a's), the
same values of the convection veiocity are obtained in the pres-
ence of shocks as with the isentropic expression (Eq. 14), since
equal pressure recovery is realized from both streams.

A second example, with {ree stream v; = 5/3. v, = 1.4 and
fixed stagnation speeds of sound in the ratio azc/a), = 0.3 (e.g.
= helium/air), is presented in Fig. 6b (we note here that the dif-
ference between maintaining constant static speeds of sound. vs.
constant stagnation speeds of sound, is small; the latter perhaps
representing the more typical experimental scenario, however). In

this case, the lower speed of sound in the low speed free stream
results in the possibility of shocks at a much lower high speed
(lab frame) free stream Mach number, than in Fig. 6a. If we
imagine the flow first establishing Af; and then increasing Af, to
some final value, we note that we will initially be on the shock-
free branch (dotted line). Shocks are predicted to first appear
in the low speed stream, at Afy = 1.4. If the flow assumes this
configuration, a (lab frame) high speed stream Mach number of
M; = 2.4 must be attained before A, can again become su-
personic. Beyond that point, shocks should be expected in both
streams (dot-dot-dash-dash curve). The predicted behavior for
the convection velacity is now different (recall 41 # v; here) than
for the shock-free case. Substantial reductions in the shear sup-
ported across major portions of the mixing zone, as well as in the
imposed strain rate in the vicinity of the interstitial stagnation
points, would be associated with such a flow configuration. In
this context, it is interesting that the normalized Papamoschou
& Roshko growth rate data (Fig. 4: squares) become independent
of the convective Mach number around about where (transonic
flow) shocks are first expected (see also Papamoschou 1988. Pa-
pamoschou 1989). This observation lends credence to the ansat:
and should not escape unnoticed.

L

FiG. 6b Convective Mach number with respect to the high speed
stream, estimated for v, = 5/3, 72 = 1.4 and stagnation
speed of sound ratio of a3¢/ay; = 0.3. Other legend as
in Fig. 6a.

It may seem strange, at least in the context of this simple
model, that the relative free stream velocity in the large structure
frame jumps to AU, or zero, as soon as shocks can form. One
might argue, for shock Mach numbers close to unity and since
total pressure losses increase very siowly with shock Mach number,
that the convection velocity might transition rather more siowly
than with a jump. That is not correct, however, since once an
imbalance starts, however small, the positive feedback mechanism
is operative and the system is driven completely one way or the
other.

How the flow chooses which shock configuration it will as-
sume (high speed stream, low speed stream, or both), must await
further investigations. It is plausible, however, that under cer-
tain flow conditions the flow will make the selection depending on
the downstream pressure/outflow condition. However strange this
may seem in the hyperbolic flow environment of interest here, we
should recognize that, in the presence of shocks, total pressure




losses along each of the “free streams”, in each case. are quite
different. One can hypothesize that the situation is akin to the
manner in which supersonic flow over a ramp selects the weak or
strong oblique shock solution, depending on the downstream pres-
sure condition, the hyperbolic nature of the flow notwithstanding.
See, for example, discussion in Couraat & Friedrichs (1948, §123).
It is interesting that in the Papamoschou (1989) data, it appears
that the flow placed the shocks in the low speed stream (2 < 1),
when that stream was subsonic (M; < 1): and in the high speed
stream (M. > 1), when that stream was supersonic (\; > 1).
While this difference could be significant in a variety of contexts.
we should note that a subsonic low speed stream entends an ellip-
tical flow domain all the way up to the splitter plate tip, changing
the manner in which pressure is communicated along the extent
of the shear layer. Additionally, in the regime of multiple possible
solutions for the convective Mach numbers, and depending on the
separate inflow and downstream outflow/pressure conditions. the
fiow may well exhibit hysteresis. as was intimated in the preced-
ing discussion. At Mach numbers that are high enough. however,
the flow has little choice but to support shocks in both streams,
with Eq. 18c the more appropriate expression for estimating the
large scale structure convection velocity U,. It is interesting that
this does not appear to be the case for the highest Mach number
runs in the Papamoschou (1989) data (Fig. 5)°. The resolution
of this and many other issues must await the results of many
investigations currently in progress.

Finally, we note that this behavior is likely to prove signif-
icant in a different context, with important implications for the
entrainment ratio and the mixed fluid composition in the shear
fayer, as will be discussed below.

2.3 Heat release effects

Some experimental investigations have studied the effects of
beat release on the growth rate of chemically reacting shear layers
(e.g. Wallace 1981, Hermanson & Dimotakis 1989), as well as
experiments with combusting shear layers at high levels of heat
release (e.g. Ganji & Sawyer 1980, Pitz & Daily 1983, Daily &
Lundquist 1984, Keller & Daily 1985). Important information
has also been derived from computations (e.g. McMurtry et al.
1986, McMurtry & Riley 1987), which is in qualitative accord
with the experimental findings, even though these computations
have perforce been conducted at Reynolds numbers that do not
meet the fully developed flow criterion of Eq. 1.

One might argue that dilatation owing to heat release in a
chemically reacting shear layer, which is confined to the shear layer
wedge, might result in an increase in shear layer growth. While
the basis of that intuition is well founded, the inference is not. One
does observe a displacement velocity in the far field away from the
shear layer, that increases with the amount of heat released. This
can be measured experimentally as a displacement thickness 6°/z,
by noting the angle of, say, the lower free stream flow guide wall

® We shouid note. however, that the diagnostic used for those estimates
would tend to be more seasitive to the bebavior of small structures s the
free stream edges, rather thas the convection velocity of the largest scales
of \he Sow in the interior of the layer.

required to maintain a non-accelerating flow (dp/dz = 0). as a
function of the amount of heat release. See Fig. 7.
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FiG. 7 Normalized shear layer displacement thickness vs. heat re-
lease. Circles: Mungal (unpublished) data. Squares: Her-
manson & Dimotakis (1989).

At least for subsonic flow and equal free stream densities,
other parameters held constant, one observes a decrease in the
shear layer growth rate, with increasing heat release. This behav-
ior is depicted in the data of the 1% thickness in Fig. 8, taken
from Hermanson & Dimotakis (1989. Fig. 5). Note that. in these
experiments, the pressure gradient was maintained close to zero
by adjusting the lower stream guide wall as necessary. These data
suggest that the decrease in the shear layer growth rate with heat
release is approximately given by (¢ = Ap/p.see Eq. 7)

%(r: 04.5=1;¢q)
%(r=0.4.s= 1:¢=0)

=1 - Ceq. with Cy = 0.05.

(20)
While these experiments were conducted at a fixed velocity ratio
r = 0.4 and matched free stream densities (s = 1), one can specu-
late that heat release effects manifest themselves as a reduction in
the growth rate coefficient Cs (Egs. 9. 10), with Eq. 20 express-
ing the dependence of Cs on ¢. In any event, the effect of heat
release on the growth rate is slight (see also Daily & Lundquist
1984).

0.20
0.1
0.16 P
[ °
X=Xy o [-] o
0.14 a %90aqpn L]
L] o
0.12
0.10
0 0.i 02 0.3 0
3/p,

FiG. 8 Normalized 1% thickness vs. heat release. Triangie: Wal-
lace (1981), circles: Mungal (unpublished data), squares:
Hermanson & Dimotakis (1989). Note displaced origin.




The physical implication is that the outward displacement
velocity owing to heat release impedes the entrainment process to
an extent that more than offsets the effects of dilatation. It is in-
teresting that this reduction in growth rate is also found to be con-
sistent with the assumption that the heat release and dilatation
effects leave the w'v’ velocity correlation largely unaltered. The
reduction in the growth rate can then be approximately accounted
for by noting the reduction in the turbulent stress r = pu’v” in the
layer; a result of the reduction in the density profile p(y/z) ow-
ing to heat release. It should be noted that it would probably be
difficult to argue for such an assumption a priori. See discussion
in Hermanson & Dimotakis (1989, Secs. 5.2 and 5.4).

At high Reynolds numbers, a substantial volume fraction in
the turbulent shear layer is taken by fluid that is not molecularly
mixed (independently estimated to be roughly 1/2 at the condi-
tions of the Hermanson & Dimotakis experiments) so that, even
with fast chemical reactions characterized by very large adiabatic
flame temperatures, there will be a limiting value of the expected
reduction in Ap/p within the layer owing to heat release. This
is a consequence of the large pockets of unmixed fluid, whose
density is essentially unaltered by the combustion process. This
behavior is illustrated by the data in Fig. 9, where the estimated
mean density reduction Ap/pg is plotted vs. the normalized adi-
abatic temperature rise AT/T;. These data were recorded at
high Reynolds numbers (Re = 6 x 1A0‘). for several values of the
free stream stoichiometric mixture ratio ¢, an important quantity
that we will discuss below in the context of chemical reactions.
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F1G. 9 Mean density reduction Ap/p vs. adiabatic flame temper-
ature rise AT, /Ty, where Ty is the (common) free stream
temperature. Squares/asterisk: ¢ = 1; circles: ¢ = 1/2;
triangles: ¢ = 1/4. Solid symbols: Mungal & Dimotakis
(1984); open symbols: Hermanson & Dimotakis (1989);
asterisk: Wallace (1981). Smooth line computed using
Eq. 21 (see text).

A useful test model of the behavior with increasing heat re-
lease is one in which vortical structures tend to a configuration
of low density, (hot) cores and are surrounded by irrotational, re-
cently entrained, unmixed (cold) fluid. Using this cartoon, the
expected mean density reduction in the combustion zone can be

estimated. In the notation of Eq. 4, we find
AT,
& _(B)F
moas ()T

The smooth line in Fig. 9 was computed using this expression,
with the constant (heat release independent) values of

(21a)

i _ 063, and 3

F; i =05.

(21b)

It is interesting that the resulting curve does as well as it
does, suggesting that the simple model may have merit even at
modest values of the heat release. As we shall see, the inferred
value of 0.63 of the mixed fluid fraction &, /6 is a little high. It
should be noted, however, that the mean density reduction values
in Fig. 9 were estimated using the reciprocal of the mean temper-
ature measured in the combustion zone, as opposed to the mean
of the reciprocal temperature, which would have provided better
estimates. Additionally, of course. the mixed fluid fraction is not
likely to be exactly constant, i.e. independent of AT, /T,.

2.4 Pressure gradient effects

The effects of pressure gradient on shear layer growth were
discussed by Sabin (1965) and have been investigated in non-
reacting shear layers (Rebollo 1973), and in reacting shear layers
(Keller & Daily 1985, Hermanson & Dimotakis 1989) for incom-
pressible flow conditions. In the case of a favorable pressure gradi-
ent (dp/dz < 0) and equal free stream densities (s = p2/p1 = 1),
it was found (Hermanson & Dimotakis 1989) that the decrease in
the growth could be accounted by interpreting Eq. 9 as a local
relation. The argument, which was suggested by M. Koochesfa-
hani and is akin to some of the ideas put forth by Sabin (1965),
is summarized below. '

The local rendition of the Abramowich-Sabin relation (Eq. 9)

becomes
db - 1-r(z)

E X ‘m:—) N (223)
with Ua(2)
= 2z

r(z) = Ti(z) (22b)

the local velocity ratio. This can be computed by applying the
Bernoulli equation in each of the free streams, and yields

_ 1 - Cyla)
Tz} = o 1 - sriCpl(z) '

(23a)

where
U,(0)

Ui(0)
is the free stream velocity ratio at £ = 0,

p(z) - p{0)
10, U3(0)
is the local pressure coefficient normalized by the low speed stream
dynamic head at z = 0, and s = p3/p; is the free stream density
ratio. It can be seen that a favorable pressure gradient is expected
to decrease or increase the shear layer growth rate, depending on
whether the product arj is less or greater than unity, respectively.

Conversely for an unfavorable pressure gradient.

ro = (23b)

Clz) = (23c)




For a specified pressure gradient, Eq. 23 for the local velocity
ratio can be used to integrate the local growth rate Eq. 22 to yield
the local shear layer width é [C,,(z)] at the station z. The results
of this procedure are in accord with the observed effects, at least
for the range of values of the pressure coefficient at the measuring
station that were investigated (Hermanson & Dimotakis 1989, Sec.
8).

3. Mixing: 6m/6

As alluded to in the preceding discussions, one finds that, at
sufficiently high Reynolds numbers, a substantial {raction of the
fluid within the §/z shear layer wedge is not molecularly mixed.
Additionally, at least for incompressible shear layers, the available
evidence suggests that the mixed fluid in a turbulent shear layer
exhibits the following characteristics:

a. The mixed fluid composition (averaged across the shear
layer width &/z ) is not generally centered around a 50:50
mixture, but favors a composition that is a function of
the free stream density and velocity ratio.

b. The amount of mixed fluid, beyond the downstream lo-
cation where the shear layer has attained fully devel-
oped, three-dimensional flow status (e.g. Eq. 1), depends
weakly on the local low Reynolds number. The evidence
suggests that, at least for gas phase flows, it decreases
as the Reynolds number increases.

Finally,

¢. the mixed fluid fraction dm /6 is found to depend on the
fluid Schmidt number Sc = v/D (Eq. 3).

A large aumber of models are employed today in efforts to
account for the observed turbulent shear layer mixing phenomena
and while they all differ in the details of their implementation,
they can be classified, in my opinion, into two main categories:
models that ultimately rely on some form of Reynolds averaging
and/or turbulent gradient transport, and ones that do not. In
the discussion that follows, models which caanot account for the
characteristics listed above will not be considered in the attempt
to account for shear layer mixing phenomena. While it could be
argued that this need not be so, this criterion — to the best
of my knowledge — presently eliminates models which rely on
gradient transport ideas. For an opposing viewpoint the reader
is directed to the review article by Bilger (1989). Unfortunately,
since molecular mixing takes place throughout the spectrum of
spatial and temporal scales, direct computations at high Reynolds
numbers are out of the question for now, at least, and we must
resort to some kind of modeling for some time.

It may appear surprising that ScAmidt number effects are
given so much weight, when it could be argued that most turbu-
lent mixing/combustion phenomena are encountered in gas phase
flows. There are two issues here. First, while it may be that
most turbulent combustion occurs in gas phase flows, it is cer-
tainly not so that all of it does (¢f. underwater, liquid metal,
particulate combustion, etc.). Secondly, if we are to formulate

models on which we must rely for predictions and design outside
the rapge of experience that was used to validate them — and
not just use them as interpolative french curves — we must at
least require that they adequately account for the known turby-
lent mixing behavior. In the case of Schmidt number effects, the
issue is particularly important, in as much as those effects are a
direct manifestation of, and provide important clues to, the role
of the small mixing scales of the problem, which must be correctly
accounted for (if not described) by turbulent mixing models.

3.1 The mixing transition

The flow in a two-dimensional shear layer issuing from a
smooth splitter plate with a sharp trailing edge and low tur-
bulence level free streams originally develops as two-dimensional
flow. This flow is characterized by large, two-dimensional, vor-
tical structures (e.g. Winant & Browand 1974, Corcos & Sher-
man 1984), but is susceptible to a three-dimensional instabii-
ity mode of counter-rotating streamwise vortices (Konrad 1976,
Bernal 1981, Alvarez & Martinez-val 1984, Corcos & Lin 1984,
Daily & Lundquist 1984, Browand 1986, Bernal & Roshko 1986,
Metcalfe et al. 1987, Knio & Ghoniem 1988, Lasheras & Choi
1988), which spawn the transition to three-dimensional. fully de-
veloped turbulent flow, leading to substantial increases in the
mixed fluid fraction (Konrad 1976, Bernal et al. 1979, Breiden-
thal 1981, Roberts 1985, Koochesfahani & Dimotakis 1986). This
is illustrated in the liquid phase flow laser-induced fluorescence
data reproduced in Fig. 10, recorded before (Re =~ 2 x 10°)
and after (Re = 2.3 x 10*) the mixing transition, respectively.
Note that in the pre-mixing-transition data the entrained fluids
participate in the large scale motion but remain essentially un- °
mixed. Under these conditions, the surface-to-volume ratio of the
two-dimensional interfacial area between the two entrained flu-
ids is reiatively small. In particular, when multiplied in water
(D = v/600) with the small local transverse diffusion thickness
straddling this interface, i.e.

Ap x /D/e ,

where o is the (local) strain rate*", it yields a negligible mixed
fluid volume fraction 6w /& within the shear layer width §/z.

(29)

The attendant explosive increase in interfacial area following
the mixing transition changes this tally, resulting in a mixed fluid
fraction, under these conditions, of

0.26,
G /b == {

0.49 ,
(we will substantiate these values below).

in water;
(25)
in gas phase flow

It is interesting that the growth rate of the shear layer does
not appear to respond to this mixing transition, suggesting that it
it is dominated by the two-dimensional large scale dynamics (see
Fig. 3 and also discussion in Corcos & Lin 1984). The evolution
of é(z) and ém(z) through the mixing transition is sketched in
Fig. 11.

" Ses Marble & Broadwall (1977), Broadwell & Breidesthal (1983}, and
Dimotakis (1987, Sec. 2.2).




F1G. 10 Liquid phase shear layer mixing digital (y.?) image data
at a fixed streamwise location r (Koochesfahani & Di-
motakis 1986). Left image: pre-mixing-transition (Re =
2 x 10%). Right image: post-mixing-transition (Re
2.3 x 104).
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Sketch of the shear layer and gas phase mixed fluid thick-
ness growth through the mixing transition.

It is oot clear how this picture is altered by compressibility
effects. or even whether the criterion of a minimum local Reynolds
number of 10 will be good when the convective Mach numbers
become large. The depressed growth rate of the two-dimensional
Kelvin-Helmholz disturbances, discussed ia the previous section,
may well alter the environment in which the three-dimensional
motions develop. which are vital for the large interfacial area gen-
eration. See also Demetriades (1980); Demetriades, Ortwerth &
Moeny (1981); and Demetriades & Brower (1982). At higher con-
vective Mach numbers, shocks must certainly be expected to play
an important role in this process. Whether that role enhances a
transition to three-dimensionality and improved mixing, or not.
must also await future investigations.
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3.2 Entrainment ratio

We can think of the growth of the shear laver region §/r as
the increasing participation of free stream fluid in the turbulent
process. i.c. the entrainment, as the downstream distance from
the splitter plate increases. From this point of view, the preceding
discussion on shear layer growth addresses the total entrainment
flux from each of the two free streams, without regard as to the
relative amounts from free stream. i.c. the entrainment flux retio.
It is clear, however. that the entrainment flux ratio. supplied to
the mixing processes of turbulence. must be taken into account in
the tally of the resulting range of compositions of the mixed fluid.

An important conclusion drawn by Konrad (1976) was that
a shear layer entrains fluid from each of the two free streams 1n
an asymmetric way. even for equal free stream densities. In par-
ticular, for equal free stream densities (s = 1) and a free stream
speed ratio of r = 0.38, honrad estimated a volume flux entrain-
ment ratio of £ = 1.3. For a free stream density ratioof s = 7
(high speed He, low speed N,) and the same velocity ratio, he
estimated an entrainment ratio of F = 3.4.

Brown (1974) proposed an estimate for the entrainment based
on the free stream velocity ratio, as seen from the frame of the
large scale structures, i.e. £ = (U} = U)/(Uc = U2) = s*/%. The
density ratio dependence of this proposal is in accord with the
ratio (34/1.3=26= ﬁ) of the two estimates from Konrad. but
cannot accouant for the asymmetric entrainment ratio for equal free
stream densities. This behavior can be understood. however. in
terms of the upstream/downstream asymmetry that a given large
scale vortical structure sees in a spatially growing shear layer and
the fact, aiso noted by Fiedler (1975) in a different context. that a
vortex entrains from each stream from its “lee side”™. See Fig. 12.
Simple arguments ( Dimotakis 1984) suggest that, for a similarly
growing shear layer, the volume flux entrainment ratio can be
estimated by the expression

(+4).

Uy~ U
Ue =~ Un
where £/z is the large structure spacing-to-position ratio. The
quantity in parentheses is always greater than unity and the con-
sequence of the spatial growth of the shear layer and the self-
similariy increasing large structure spacing with streamwise dis-
tance. It would be equal to unity for a temporally growing layer.
Fitting the available data, one finds that the relation (r = U, /U, ),

4

T

E= (26)

(4 l-r
3 Ce m ' (27a)
with
Ce = 0.68 , (27b)

is a good representation for {/z, independently of the free stream
density ratio.

We argued that, for incompressible flow, (U, - U.)/(U. -
U;) = s'/? (Eq. 13). Consequently, for inatched free stream den-
sities and Konrad's free stream speed ratio of 0.38, we estimate

(Eq. 26)
)

4

1+4-) = 13.
z

E(r=038,s=1) = (
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FiG. 12 Large structure array and induction velocities in vortex
convection frame.

For the He/N; shear layer data at the same speed ratio, we esti-
mate

E(r=038,s=7) = ™" x13 = 34,

in rather good agreement with Konrad's experimental values. The
arguments that lead to the proposed expression for the entrain-
ment ratio (Eq. 26) should also be valid for compressible flow,
noting, bowever, that U, must now be computed accordingly (i.e.
Eqs. 14 or 18, as appropriate). We also expect that a revision of
Eq. 27 would be necessary. A first guess is that it might scale
with §/z as it does for subsonic flow, t.e.

LrsiMa=0) x S(rsztiMa—0).
F4 F 4

with a plausible extension of the form

) -
Lir s Ma) = Co=l fiMa) (28)
z l+r

where f(M.;) is an estimate of the Papamoschou & Roshko com-
pressibility effect in the shear layer growth, e.g. Eq. 17, as was
assumed by Dimotakis & Hall (1987).

It is useful to keep track of the miring process and the re-
sulting range of compositions by defining a conserved scalar £
denoting the volume (or mole) fraction of high speed stream fluid
in the mixture (e.g. Bilger 1980). Accordingly, £ = 0 corresponds
to pure low speed stream fluid, £ = ] represents pure high speed
stream fluid, and § = 1/2 represents a 50:50 mixture. We call
this a conserved scalar because its integral over any volume V
can only change as a result of £-fluxes through the bounding
surfaces of V. In particular, it cannot be altered by any tur-
bulent/mixing/chemical processes in its interior. In this notation,
the entrainment ratio E measures the flux of £ = 1 fluid that is
entering the turbulent mixing region, per unit flux of { = 0 fluid.

The asymmetric entrainment ratio suggests a zeroth order
model for mixing in a two-dimensional shear layer, entraining £ =
1 and £ = 0 fluid from each of the free streams at a ratio E.
respectively, that was assumed by Konrad (1976) in the analysis
of his concentration fuctuation data. The two entrained fluids
are mixed by the efficient action of the turbulence. and can be
expected to tend towards a mixed fluid composition of

(29)
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A useful cartoon (Fig. 13) is that of a bucket being filled by two
faucets running with unequal flow rates, as a laboratory stirring
device mixes the effluents. We can also think of a hot/cold water
faucet and the (average) temperature in the bucket; it is only a
function of the ratio of the two flow rates. For all the complexity
of the ensuing turbulent motion, we would expect to find a prob-
ability density function (PDF) of mixed fluid compositions in the
bucket clustered around the value of the mixture fraction given
by Eq. 29, where E in our cartoon corresponds to the ratio of
the flux from each of the two faucets. Fluid homogenized at this
composition is an important component in the mixing model by
Broadwell & Breidenthal (1982). as we will discuss below. Oane
can appreciate that the range of compositions one should expect
to encounter in the bucket depends on the relative rate of inflow
to mixing. As we lower the combined faucet flow rate. keeping
the ratio and the stirring fixed. we expect the mixed fluid to be
homogenized with a composition PDF tending to a Dirac delta
function at §g, t.e.

&1 dE — pu(§)d = 6p(€ - Ee)df . (30)

in the limit. Similarly for a fixed faucet flow rate as ihe stirring
rate is increased. See. for example, Levenspiel (1962).

Fi1G. 13 Stirred bucket mixing. E corresponds to the right/left
faucet flow rate ratio. Note that as the stirring rate is
increased, at fixed faucet flow rate, p(£)df — ép(€ -
Eg)dE, where §g = E/(1 + E).

The effects of the asymmetric entrainment ratio can be seen
in the PDF measurements by Konrad (1976) made in a gas phase,
matched free stream density (% He : § Ar)/N; shear layer exper-
iment. using an aspirating probe (Brown & Rebolio 1972). See
Fig. 14. Note that the most probable value of the high speed
fluid fraction £, denoted as C(N3) in the figure, is very close to
e = E/(1 + E) = 0.57, corresponding to the (independently)
estimated matched density entrainment ratio of £ = 1.3 (see
Konrad 1976 for details).

Similar results were obtained in water (Koochesfahani & Di-
motakis 1986), where the PDF was measured using laser induced
fluorescence techniques in & shear layer at the same velocity ratio.
See Fig. 15. Note that the most probable value of the composition
is again very close to the £ = 0.57 value. Notable in both sets of
measurements is the fact that this most probable value is observed
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FiG. 14 Gas phase, high speed fluid mixture fraction PDF mea-

surements (Koarad 1976) in a matched density, r =
U2/U, = 0.4 shear layer beyond the mixing transition.
High speed fluid mixture fraction £ is denoted by C(N).

02 04 0s

throughout the shear layer. This can be understood in terms of
the circumferential velocities. in the frame of the large scale vorti-
cal structures, which can transport a fluid element from one side
of the turbulent region to the other, before it has much chance
to alter its own internal mean composition. A comparison of the
gas phase and liquid phase data suggest that, as expected at the
higher Schmidt numbers in the latter case, this is more the case
in the liquid than in the gas. It should be noted. however, that
lower resolution in the gas phase measurements could account for
some of the observed trends. These observations are at variance
with the results of gradient transport based PDF modeling efforts
(e.g. Pope 1981, Kolimann & Janicka 1982). which vield a most
iobable value of & for the mired fluid that is close to the local
value of the mean mixture fraction profile (mixed and unmixed),

ie E(y).

FiG. 15 High speed fluid mixture fraction PDF measurements in
a liquid phase (maiched demsity), r = U,/U; = 0.38
shear layer at Re = 2.3 x 10 (Koochesfahani & Dimo-
takis 1986, PDF computed from the run that vielded the
post-mixing-transition image in Fig. 10).

Important consequences of the asymmetric entrainment ratio
and the resulting “tilt” in the mixed fluid composition are to be
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found in chemically reacting shear layers. In particular. in the
case where the reactant concentrations are not carried by the free
streams at the stoichiometric ratio, which side carries the lean
reactant can make an easily discernible difference in the amount of
chemical product formed in the layer. This was illustrated in the
liquid phase “flip” experiments of Koochesfahani ef al. (1985) in
which the mixed fluid at a range of compositions 0 < £ < 0.36 was
compared in a complementary run to the mixed fluid at a range of
compositions 0.64 < £ < 1, using a pH -sensitive, laser induced
fluorescence technique. See Fig. 16. The “chemical product” is
many times larger in the second case, which marks the high values
of £ in the local composition. Note also that there is no systematic
gradient in the labeled mixed fluid concentration across the shear
layer §/z width. It should be emphasized that these experiments,
which were designed to illustrate the potential of this effect, were
conducted in the mixing transition region where the remnants
of the much larger asymmetries in the initial roll-up have yet
to be amortized with entrainment at the asymptotic values of
the entrainment ratio (e.g. Eq. 26). See pre-mixing-transition
image in Fig. 10 data and Koochesfahani & Dimotakis (1986,
Fig. 12 and related discussion). Similar conclusion were drawn by
Masutani & Bowman (1986), in their gas phase measurements in
the mixing transition region. and by Sandam & Reynolds (1987),
in their computational modeling of the shear layer at iow Reynoids
number.

Fic. 16 Mixing transition laser induced fluorescence “flip” exper-
iment. Left picture: Fluorescence from mixed fluid com-
positions in the range 0 < £ < 0.36. Right picture: flu-
orescence from compositions in the range 0.64 < £ < 1
(from Koochesfahani et al. 1985).

A sufficient distance beyond the mixing transition, the ob-
served asymmetries are consistent with the asymptotic values of
E and the associated “tilt” in the mixed fluid composition PDF in
Fig. 15. See chemically reacting data at higher Reynolds numbers
in Koochesfahani & Dimotakis (1986, Figs. 16 and 17). These
and other mixing issues in subsonic turbulent shear layers will
be discussed in the context of chemically reacting shear layers,
which must be relied on for data at the high Reynolds aumbers
of interest here.




4. Chemical reactions: ép/§

In the case where the entrained fluids are not premixed and can re-
act, the associated chemical product formation ¢an obviously proceed no
faster than the rate at which the reactants are muxed on a molecular scale
by the turbulent flow. Considering a vertical slice of the turbulent region
of streamwise extent dz. located at some downstream location z, the
mixed fluid fraction ém/5 within the transverse extent & of the turbu-
lent region occupied by molecularly mixed fluid (in the mean) represents
an important upper bound for the expected chemical product fraction
§p/6 within the layer at that location. In the case of (non-premixed
reactant) combustion, it also bounds the heat release corresponding to
the amount of chemical product formed.

In the limit of {ast chemistry, re. a chemical kinetic rate that is
sufficiently lazge so as not to be the limiting process in the rate of chem-
ical product formation, the fraction of molecularly mixed fluid that is
converted to chemical product, t.e. ép/ém . depends on the resulting
PDF p(£)df of molecuiar mixture compositions within the turbulent
region. In particular, iv depends on the distribution of mixture fractions
€ of high-speed fluid to low-speed fluid in the molecularly mixed fluid.
relative to the stoichiometric mixture {raction £, required for compiete
consumption of the available (entrained) reactants, as we will discuss
below.

If the chemical kinetics are not sufficiently fast by the previous niea-
sure, the chemical product formation will lag behind the rate at which
the reactants are mixed on a molecular scale by the turbulence. As a con-
sequence, 6p/5m will be smaller, depending aiso on the ratio ( Damkohler
number) .
=. 31

of the expected time 7. required for mixing, to the time 7, required to
complete the ensuing chemical resctions. What is also important from
s diagnostics vantage point is the recognition that, for chemical/flow
systems that cen be regarded as kinetically fast. 1.¢. in the limit of
Da — oo, messurements of the chemical product volume fraction &p /6
can be combined to provide us with reliable estimates of molecular mix-
ing and 5/, as well as the distribution -of compasitions of the molecu-
larly mixed fuid, as we will discuss below. Thuis often obviates the need
for direct measurements of these quantities, which would, for the most
part, have been infeasibie at the high Reynolds numbers of interest here.
Direct computations fair no better. as the behavior of fast cherrucal sys-
tema can result in reaction zones that are even thinner that the expected
diffusion scales (e.g. Eq. 24) under these conditions.

In the context of mixing, we will restrict the discussion that fol-
lows to the bebavior in the limut of fast chemical kinetics (Da — o0).
Chemical product formation for finite Damkdhier numbers, however, is
important theoretically in as much as it depends not ouly on the state of
the flow at the measurement location but also on the flow history. It is
also umportant from an applications vantage point, for example, as the
impetus for ever incressing flight speeds is forcing us to consider chemi-
cal product formation at high Mach numbers that is not only hmuted by
the rate of mixing but also by the chemical kinetics.

Data on the Damkohler number dependence of the product voi-
ume fraction 10 & gas phase, subsonic shear layer were documented by
Mungal & Frieler (1988). An analysm of these data in terms of the
Broadwell-Breidenthal- Mungal model we will discuss below can be found
in Broadwell & Mungal (1988). An sttempt to incorporate & more real-
istic account of a complex chemical system was made by Dimowakis &
Hall (1987), using the bucket seroth order mixiag model described above
(Fig. 13). The reader s directed to those references for an account.

4.1 Dependence on the stoichiometric mixture ratio

Consider the idealized case of the high speed stream carrying a re-
actant at a concentration (mole fraction) Xog; . and the low speed siream
carrying s r;utmt at a concentration Xoz. which can react infinitely
fast to form & chemical product, associated with an enthalpy release
AN . An important quantity, in this context, is the stowchtometric mez-
tsre ratio ¢, defined as the volume (number of moles) of high speed fluid
that carries sufficient reactants to consume a unit volume (mole) of low
speed fluid, te.

= o2/ Xox

= (Xoa/Not)ar
where the quantity subscripted by “st” in the denominator denotes the
concentration ratio of a stoichiometric mixture. For example, a (free
stream) stoichiometric mixture ratio of @ = 4 implies that a mixture of
4 parts of high speed fluid per part of low speed fluid is required for com-
plete consumption of all reactants. Accordingly. complete consumption
of all reactants will occur at a stoichiometric (high speed fluid) mixture
mole fraction

(32)

°
CET
We can see that a mixture fraction of £ < £, . for example, will be lean
in high speed fluid reactants. and will resuit in unreacted low speed
chemicals. Similar definitions can aiso be employed on a mass basis (¢.g.

Kuo 1986, Sec. 1.8).

(3%

Consider, for example, the chemical reaction between hydrogen and
fluorine which, in the limit of fast chemistry, we can aimplify as a one
step reaction (see Mungal & Dimotakis 1984 for detais)

Hy + F — 2HF with AN = -130 keal/mole . (34)
and which was used in many of the experiments that will be cited below.
A mixture of 1% H; in 99% N, and an equal volume of 1% F; in 9%
N, is stoichiometric and will result in an adiabatic (Same) temperature
rise owing to the heat released of AT, = 93 K. A shear layer with a
high speed stream fluid comprised of 4% Ha + 96% N3, and a low speed
stream fluid of 1% Fy + 99% N2 would be characterized by ¢ = 1/4.
1.e. 1/4 parts of high speed fluid must be mixed, per part of low speed

fluid, for compiete reaction.

For equal heat and species diffusivities. 1.e. for Lewis aumbers Le =
x/D = Sc/Pr = 1, the adiabatic flame temperature rise AT.¢) is the
highest temperature rise that can be observed in the flow and serves
as s convenient normalization of the observed mean temperature rise
AT(y. é) in the reaction zone. Note that in a mixture where Xo; is kept
constant and the stoichiometric muxture ratio ¢ is changed by varrying
Xoa (Eq. 32), keeping the heat capacities constant in the process, the
dependence of the adiabatic lame temperature rise on ¢ is given by

AT(#) = S AT = 268T() . G9)

Experimental data for the normalized mean temperature rise, for
matched free stream densmity (s = 1), a {ree stream velocity ratio of
r » 0.4, gas phase reacting shear layers at low heat release, are piotted
in Fig. 17 for é = 1/8,1, and 8. The plotted quantity reflects the
local mean fraction of the total chemical product (heat release) possible
under the circumstances. There is a shift towards the lean side of the
location of the peak mean temperature nse. There 1s also & marked
asymmetry in the total amount of product (heat release) between the
low-¢ and the high-é runs, which, in view of the the relation between
the entrainment ratio £ and the (required) stoichiometric muxture ratio
¢ .18 clear in this context. In particular, for ¢ < E, for example, fluid
bhomogenized at the entrainment ratio will be low speed stream reactant
lean (£, < £g) and result in unconsumed high speed stream reactants.
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FiG. 17 Gas phase shear layer: Normalized chemical product at low
heat release. Solid line: ¢ = 1, dashed line: o = 8. dotted line:
¢ = 1/8 (Mungal & Dimotakis 1984, s = 1. r = 0.4). Note
peak temperature rise tilt towards the lean side for o # ] and
the larger totai chemical product for 0 3 1 relative 1o 0 € 1,
corresponding to an entrainment ratioof £ > 1.

The maximum amount of product is expected at @ =~ E. with more
product for ¢ > 1 than for 0 € 1, for E > 1 (recall that £ = 1.3 under
these conditions). Note also that, consistently with our observation that
a substantial fraction of fluid is unmixed within the shear layer, the mean
temnperature rise is everywhere less than 0.65A7,

It is interesting to compare thesse .’ .0 the corresponding data
from s liquid phase {matched density' ..emically reacting shear layer
at the same free stream speed at°  + = 0.4). These are depicted in
Fig. 18, for ¢ = 1/10 and ¢ = i0. Note the reduced amount of product
relative to the gas phase resuits, the asymmetry between the high-o and
low-¢ runs (E = 1.3 'iere also), but that the tilt towards the lean side
is no longer there. We can understand the differences attributable to
Schmidt numbe: effects on the basis of our preceding discussions. In
particular, the reduction in the total chemical product is attributable
to the reduction in the amount of molecularly mixed fluid st the higher
Schmidt pumber (lower species diffusivity). The absence of a tilt of the
peak mean temperature towards the lean side is the result of the delayed
(slower) molecular mixing which provides a longer Langrangian time for
homogenization to occur at the larger than diffusion scales across the
whole shear layer transverse extent. owing to the large structure motion
(recall discussion of data in Fig. 15). See also discussion in Broadweil &
Mungal (1988).

4.2 Relation to the PDF. Schmidt numbaer effects

These results would all be derivable from the local PDF p(£,y) of
the mixture fraction at the measuring station at z, if that were avail-
able. In particular, the product (or heat release) that can be produced
corresponding to s particular value of the mixture fraction £ is essily
computed by assuming complete consumption of the lean reactant. This
yields two straight lines in £, joining at £ where the normalized product
is equal to unity, 1.e.

&

1=

for0<£<&, .
0(§:&) = (36)

v for g, <£<!

(vee, for example, Kuo 1988, Sec. 1.9). This dependence is depicted in
Fig. 19for ¢ = 1/8,1,8.
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F1G. 18 Liquid phase sheas layer: Normalized chemical product at low
heat release, for © = 1/10,11 (Koochesfahan: & Dimotakis
1986; # = 1, r = 0.4). Note symmetric chenucal product dis-
tribution for both ¢ » 1 and ¢ € 1. £, in the figure denotes

£ (Eq. 33).
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F1G. 19 Normalized chemical product function 8(¢;&,) for o = 1/8.8
(solid lines), and ¢ = | (dashed line). PDF is sketched (dotted
line) for reference, corresponding to £ s 1.3 (¢f. Fig. 17).

The average chemical product volume (mole) fraction 6p/5 can be
computed as the integral of the normalised product profile in the interior
of the shear {syer,

o) _ 1~ aTwe),
5 8 ) BT (0) ¥
or as an integral over the PDF of mixture fractions. since

AT(y.é)
ATy (¢)

(37a)

i
= /o 0(&.€0) P& ¥ dE | (37b)
where 8(§;£,) is the triangular aormalised produet function (Eq. 36).
Experimental values of this quantity are included in Fig. 20. for a [
phase reacting shear iayer at Re = 6.4x 10* (Mungal & Dimotakis 1984),
as & function of the stoichiometric mixture fraction &,. Also included
in that figure is a point at ¢ = 10 (Koochesfahani & Dimotakis 1986,
§o = 091) for a liquid phase shear layer at s comparable Reynolds
number (Re = 7.8 x 10%).

The triangular normalised product function #(£;¢,) suggests the
use of chernically reacting expeniments to estimate some statistics of the
mixed fluid PDF. In particular, for £, —~ 0 snd £, — 1. the ratio of
the corr ding product volume fractions can be used to estimate the

L 4
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Fi6. 20 Chemucal product volume fraction ép/é vs. £, for r = 0.4 and
matched free stream densities. Circles: gas phase data (Mungal
& Dimotakis 1984) Re = 6.4 x 104, Triangle: liquid phase data
{Kooctesfahani & Dimotakis 1986) Re = 7.8 x 10*. Smooth
curve drawn to aid the eye.

average composition E,,, in the mized fluad. For a small £ = §; — 0, we
find

- ép(1 —&o)
——— 38
m ™ Brlen) + 51— &) (38)
aing the experimentally determined liquid phase values of
0.125, at e =60=0.09:
6?(:0) = { (39)
0.165 . atfy=1-£=091.

we then estimate a value of £,, = 0.57 (Koochesfahani & Dimotakis
1986). This agrees with the value of ££ = E/(E + 1), calculated with
the independently estimated value of the volume flux entrainment ratio
E =642 (1 + ¢/2) 2 1.3 (Eqs. 26, 27, 13).

This idea was also used to estimate the dependence of the mean
mixed fluid composition in a recent set of experiments (Frieler & Di-
motakis 1988) in subsonic, low heat relesse, gas phase shear layers with
upequal free stream densities (s # 1), for which the expected asym-
metries 1n the entrainment ratio can be large (Eqs. 13 and 26). The
resulting dats are plotted in Fig. 21 for free stream density ratios in the
range of 0.1 < s < 4, and compared to the estimated vaiue of g, using
the subsonic expression for the volume flux entrainment ratio discussed
in the previous psragraph.

Comparing the triangular product functions for small and lacge &,
we also note that, except for omitting the end-points, they are essentiaily
the complements of each other. Consequently, for the case of negligibie
heat release, we find

ém §p(£o) sp(l -~ &)
5= (l-fo)[—r + —T—] .

This represents the mixed fluid fraction, if the edge contributions from
the regions 0 < £ < ¢ sad 1 — ¢ < § < 1 are excluded from the mixed
fluid tally. In this sapproximation, ¢ & §,/2. corresponding to the gas
phase chemical reaction product function, and ¢ m £ for the liquid
phase data. Using the values for the liquid phase chemically reacting
{ayer (Eq. 39), with ¢ % £ = 0.09, we then estimate (s = 1)

(6—"'> ~ 0.26 . (40a)
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FiG. 21 Estimated average high speed fluid mixture fraction as a func-
tion of the density ratio (Frieler & Dimotakis 1988). Dashed line
depicts the estimated dependence of £ on the density ratio.

A similar calculation was aiso made using the results of the low heat
release gas phase data vs. free stream density ratio of Frieler & Dimo-
takis. Small dilatation corrections were applied to those data. which are
of first order for this quantity. The results are plotted in Fig. 22 as a
function of the free stream density ratio. It is significant that the nuxed
fluid fraction is found to be dependent of the density ratio.
even as the mixed fluid composition depends rather strongly on it. The
mixed fluid fraction derived from these data for matched free stream
densities is then found to be (¢ = §,/2 = 0.05)

6...)
-— ~ 049 .
( 6 gos

The estimates in Eqs. 40a and 40b were the values quoted in Eq. 25 for
this quantity.
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F1G. 22 Mixed fluid fraction as a function of the free stream density
ratio s = pa/p1. Gas phase data from Frieler & Dimotakis
(1988).




4.3 Reynolds number effects

The existing experimental evidence suggests that chemical product
formation and the resulting chemical product volume fraction observed
at a station z is a (weak) function of the local Reynolds number. at
least in the case of gas phase flows. The correspouding gas phase and
liquid phase data appear in Fig. 23. Note that for the gas phase data,
the product volume fraction is found to decrease siowly with increasing
Reynolds number. Liquid phase data exhibit an even weaker Reynolds
number dependence, if any, even though the lower Reynolds number
value of Re = 2.3 x 10* in those data may not be sufficiently above the
mixing transition to be used for the comparison. It should also be noted
that the shear layer growth rate in these runs was also changing. While
this variation was normalized out by taking the rafio of the product
thickness §p and the shear layer (1%) thickness &% = §,,, to compute
the chemical product volume fraction. it should be noted that the shear
layer thickness also changed with Reynolds number. sometimes by a
larger amount than the change in the estimated product volume fraction
documented in Fig. 23 (recall Figs. 2 and 3 and related discussion).
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F1G. 23 Reynolds number dependence of product fraction §p/é. Gas
phase data: Circles (laminar initial boundary layer) and squares
(turbulent boundary layer) from low heat release daia of Mun-
gal et ol (1985, ¢ = 1/8, AT, =~ 186K'). Crosses from
the higher heat release data of Hermanson & Dimotakis (1989,
¢ =1, AT, = 368K). Liquid phase data: Triangies from
Koochesfahari & Dimotakis (1986, ¢ = 10).

A propasal for an explanation of Reynoilds number and Schmidt
number effects was first made by Broadwell & Breidenthal (1982). The
suggestion in that model was that the mixed fluid PDF can be mod-
eled as a superposition of the py(€) PDF corresponding to the bomo-
geneously mixed fluid in the bucket cartoon, and the contribution from
thin interfacial diffusion layers interspersed in the shear layer, and which
separate pure § = 0 and £ = 1 fluid. Some revisions and clarifications
were made in the more recent discussion of this model by Broadwell &
Mungal (1988). The Broadwell-Breidenthal-Mungal (BBM) model then
yields for the mixed fluid PDF, ve.foc £ #0 and £ # 1,

pE)dE [cu Sp( ~E5) + 7%5»«)] . (a1)

where §p(£) denotes the Dirac deita function. The Reynolds number
and Schmidt number dependence in this superposition anses from mod-
eling the amount of mixed fluid taken as residing in the diffusive inter-
faces (“fSame sheets”). The coeficients Cy and Cp arc assumed to be
constants of the flow and, in particular, independent of the Schmidt and
Reynoids oumber. The proposed Schmidt number and Reynolds num-
ber dependence in the BBM model is equivalent to the assumption that
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the interfacial diffusion layer thicknesses can be modeled by scaling the
relevant strain rate using the local outer flow variables, 1.c. 0 ~ Al//$
(see Eq. 24), and that the associated interfacial surface-to-volume ratio
is independent of the Reynolds number. It should be noted. however,
that BBM base their model on Lagrangian arguments. for which the
reader is directed to the references cited. These authors suggest that
the model should apply for Re > 1, VScRe > 1 and vRe > InSc.
even though the latter inequality would automatically be satisfied at the
Reynolds numbers of interest here (Broadwell & Muagal 1988).

Integrating the proposed PDF over £, excluding the contributions
of the unmixed fluid at £ = 0 and £ = 1. we then obtain for the BBM
model estimate of the mixed fluid fraction

bem Cr
—_ % Cy + .
é u V¢ Re
A similar result is obtained for the product fraction 8p(€,)/d. in which
the dependence of the homogeneous mixture contribution on &, is given
by (see Eq. 36) 8(£g;£s). and the dependence of the flune sheet contn-
bution is given by {see Broadwell & Mungal 1988)

(42)

g
to

e
Feo = Zei—a

The constants Cy and Cr in the BBM model are to be determined
by fitting the data. e.g. the Schmidt number dependence of ém/é (Eq.
42). The proposed PDF is depicted in Fig. 24, with the Dirac delta func-
tion contribution represented by a narrow gaussian of the appropriate
area, corresponding to an entrainment ratioof £ = 1.3.

where  erfz, = 2(&, —% ). (43)
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FiG. 24 Broadwell-Breidenthal-Mungal model PDF. See Broadwell &
Breidenthal (1982).

In the BBM estimates for é.,/6 and 5p/6, the “flame sheet™ con-
tribution vanishes at large Schmidt numbers. The gas/liquid difference
is then accounted for by noting that the mixed fluid. in that case. s
limited to the homogeneously mixed fluid at the composition § = .
Similerly, the gas phase expressions ssymptote to the liquid value at
high Reynolds aumbers. Coaversely, the BBAM model predicts that there
should be no Schmidt aumber dependence st high Reynolds numbers.
For gas phase flow, the predicted BBM dependence on Reynolds number
is stronger (algebraic) than the one (logarithmic) suggested by the data
(Fig. 23), but nicely simulates the much weaker Reynoids number depen-
dence of the liquid phase data. Finally, we should note that, according
to the BBM model, the mixed fluid and chemical product volume frac-
tion does not depend on the fluid kinematic viscosity, being a function
of the Peclet number, Pe & AU §/D = Sc x Re, only. See Broadwell &
Mungal (1988) for more details.




It is interesting that similar conclusions have also been arrived at
by Kerstein (1988, 1989), using a phenomenologicai Moate-Carlo model
to represent the mechaaics of turbulent transport and muxing. In his
aumerical simulations, Kerstein arrives at results for the muxed fluid
and chemical product formed in a shear layer that are in accord with
the BBM result expressed in the form of Eq. 42.

It could be argued that the strain rate at the interfacial surface
formed by the turbulent fiow between the entrained pure Auids from each
of the free streams should be estimated as a function of the distribution
of spatial scales associated with that interface. In particular. one could
argue that the predominant fraction of the surface-to-volume ratio S
would be associated with the smallest scales in the flow. which, for Se =
1. would be in the vicinity of the Kolmogorov (1941) scale

EJ 1/4
-(5)
where £ & (AU)3/6 Q the expected local kinetic energy dissipation rate
per unit mass. This yields

Ak (44a)

S~—l-~%ﬂe°".

py" (45)

in the limit of large Reynolds aumbers. The expected strain rate at those
spatial scales would be proportional to the reciprocal of the Kolmogorov
time tx = \/v/e, or in terms of the outer variables of the flow,

o x -A—;i Re/? " 44b)
For Sc = 1, an estimate of the mixed fluid fraction scaling nught be
obtained as the product of the expected diffusion thickness Ap ~ \/5/0
(Eq. 24). at the small scales. and the surface-to-volume ratio S of Eq.
45. It is interesting that this simple tally yields a Reynolds number
independent estimate. to leading behavior, for the mized flurd fraction
(see also discussion in Dimotakis 1987, Sec. 3.3).

As a rebuttal to this argument, we recognize that the interfacial
surface will be characterized by the full spectrum of turbulent scales
and the associated distribution of strain rates. Accordingly, one might
attempt a tally in which this distribution is accounted for, with closure
requiring the assignment of a normaiized statistical weight to each scale
A within the bounds of the turbulent flow. Such a model has been
attempted (Dimotakis 1987), where it was argued that the statistical
weight w(A)dA of a scale A in the self-similar inertial range must be
given by

dA

wHdh « = (46)

as the only scale-invariant group that can be formed, and that the flow
behavior below the Kolmogorov scale cannot alter this distribution in
the range Ap < A < Ax, where Ag = Ax/V/3¢ is the (Batchelor 1959)
diffusion scale. This is equivalent to assuming thst all scales are equally
probable and that the statistical weight of a scale ) is therefore given by
the surface-to-volume ratio of that scale. 1.c. S(1) ~ 1/) (see Dimotakis
1987 for details). This leads to an estimate for the mixed fluid fraction

of

bm By(Se)

5 ™ Bo(Sc) + T(1-§)n(Re/Ren) '

where the functions By(Sc) and B;(Sc) are determined by the calcula-
tion, » 2 0.3 is the dissipation rate fluctustion coefficient ( Kolmogarov
1962, Oboukhov 1962), and Re,, = 26. The model is in accord with the
observed dependence of the chemical product on the stoichiometry of
the free streams, as well as the Schmidt number and Reynolds number
dependence of the chemical product and mixed fluid volume fractions. It
aiso predicts an ever decreasing chemical product and mixed fluid frac-
tion with increasing Schmidt number (decreasing species diffusivity). As
can be seen in the resuiting expression for ém /6, bowever, it predicts that

“n
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the mixed fluid volume fraction is also an ever decressing function of the
Reynolds number, aibeit slowly. This is a rather robust conseyuence of
the w(A)dA statistical weight distribution that was assumed. On the
otaer hand, smell departures from this distribution would aiter this be-
havior in the limit, without resulting in discernible differences within the
range of Reynolds aumbers typically achievable in the laborstory.

It need not be emphasized that the dependence and limiting be-
bavior of the mixing processes on Revnolds ber is of considerable
significance not only theoretically but also from an spplications vantage

point.

5. Discussion and counclusions

For all the progress that has been made in addressing problems
of mixing and combustion in turbulent shear flows. it is clear that im-
portant issues remain, yet to be resolved. Many of these arise from
the complexity and constraints imposed on these flows for a diverse set
of reasons, which fundamental research often has the luxury of ignoring.
Just as significant, however, are the problems that can be considered im-
portant and fundamental from any perspective, whose resolution would
not only advance our understanding of turbulence. mixing and combus-
tion. but would also have a direct impact on technology and applications.
As Boltzmann used to say: There 15 nothing more practical than a good
theory!

While there are many problems that emerge from the preceding dis-
cussion, there are three, in my opinion, that merit closer {uture scrutiny.
They are: the apparent dependence of the far field behavior of high
Reynolds number flows on initial conditions, the limiting behavior of
bigh Reynolds number turbulence as‘the Reynolds number is increased
to very large vaiues, and the nature of turbulence under compressible
flow conditions. The discussion that follows on these is necessarily more
in the nature of speculation. In Sic Arthur’s words: It «» dangerous to
theorize withowt data!

To parsphrase one of the conclusions of the discussion on shear
Iayer growth, it is surprising that the initisl conditions seem to deter-
mine what appears to be the asymptotic bebavior of the turbulent shear
layer. Should that interpretation survive future scrutiny, it must be
considered a remarkable manifestation of what the equations of motion
are clearly capable of doing in principie. but flies in the face of tradi-
tional assumptions about the behavior of turbuience in the limit of high
Reynolds numbers. Additionally, uniess an explanation and an account-
ing can be formulated for this behavior. it also complicates the analysis,
simulation and modeling of these flows in that this behavior will appear
a8 & nOB-unique response to seemingly similar flow conditions. To the
extent that we cannot mix any faster than the shear layer grows, the
stakes, both theoretically and from an applications standpownt, are not
small, ss messured by the range of empirical values of the ghear layer
growth coefficient C; of almost a factor of 2 (Eqgs. 10, 11).

Turning the coin around. we can see the potential for substantial
benefits from flow control: if we can get, or ...lose, & factor of 2 by
doing bardly anything at all, think what we can do if we try! There
is a growing body of evidence that the suggestion is not without ment,
as can be seen from the work cited on the response of shear layers to
external forcing (footnote, Sec. 2.1), many others that have not been
included here, as well work currently in progress.

It is important to understand the mechanism by which the witial
conditions are felt by the flow thousaads of momentum thicknesses down-
stream of the splitter plate trailing edge. It will be interesting to examine
this issue and the clues that may be offered by the various research efforts




in supersonic shear layers in progress. As the flow change from elliptic
to hyperbolic, the communication channels between different portions of
the flow become a function of the Mach number of the two streams. as
weil as the respective convective Mach numbers that result. In that can-
text, however. we must also recall the strong suggestion of non-unique.
possibly hysteretic behavior within a range of Mach numbers and/or flow
history and conditions, that may wreak havoc with the actual operation
and performance of mixing devices in this regime. We will return 10 this
point later.

In considering Reynolds number effects, it may be useful to think
about a gedanken experiment in which the Reynolds number is varied
by controlling the test section or combustor pressure, at fixed geome-
try and free stream speeds. This would control the Reynolds number
(at fixed Schmidt number) through a change in the molecular diffusiv-
ity coefficients. leaving most other flow parameters unaltered. Such a
scheme would still change the Reynolds number of the initial conditions
(recall Figs. 2. 3. related caveats and previous discussion). as well as
the expected number of large scale structures between the splitter place
trailing edge and a fixed measuring station (Dimotakis & Brown 1976).
Nevertheless, it would leave the scaling with respect to the local onter
flow variables unaltered and make it easier to argue for (ot even discern,
shouid such experiments be undertaken in the future) the subtle depen-
dence of turbulence and mixing on the fluid Reynolds number, at fixed
Schmudt number. If the dynamuc range of Reynolds numbers in such
experiments are large enough. one might obtain important clues aboyt
the behavior of turbulence as the Reynolds number is increased without
limit. This 18 all the more important as the experimental evidence sug-
gests that the mixed fluid fraction is decreasing with increasing Reynolds
number. in a Reynolds number regime untouchable by the foreseeable
computing community, conventional models silent on the issue. and dis-
agreement between two modeis that have stuck their necks out at thys
wnting'

Even in the uglikely event that compressible turbulence proves o
be an even better mixer than its incompressible counterpart, it seems
clear that we should expect to find a reduced overall mixing rate at high
Mach numbers, relative to incompressible flow. If the growth rate, absent
external disturbances and muxing devices, is diminished by a factor of
five. or 80, there is little the turbulent interior can do 1o offset this
reduction. :

A second potentislly important difference in behavior can be gleaned
from the discussion of the entrainment ratio and the behavior of the
large scale structure convection velocity under supersonic conditions. In
particular. in a flow regime where the evidence and simple arguments
suggest that shocks may be borne by one free stream or another, but not
both, we expect much larger potential asymmetnes in the entrainment
ratio than in incompressible flow. To make matters worse, it is possi-
ble that it may prove difficult to predict or control which direction the
asymmetry may be realised. This is of considerable significance in the
context of the expected compasition of the mixed fluid. to the extent
that one may not be able o predict and design for even the stoichiome-
try st which the combustion may have to be asked to take place within
a shear layer z0ne. Moreover, it is & behaviur that may exhibit large
changes in response with small changes in Mach aumber.

As regards the muxing process itself, it is an wsue about which we
can only speculate, at present. Our views of compressible turbulence
are limuted and not well substantiated. Some of the mainstays of incom-
pressible turbulence, like the Kolmogorov similarity theories. may have
to be revied if not sbandoned as supersonic convective Mach numbers
adrut shocks running through the fiow. There is evidence that in cases
where the driving field can generate eddies at intermediate scales, these
similarity ideas cease to apply. [n the case of sbocks running through a
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turbulent flow characterized by density inhomogeneities, barociinic gen-
eration of vorticity will form such eddies (e.g. Haas & Sturtevant 1987,
Brouillette 1989), which will both influence and be influenced by subse-
quent shocks that visit (e.g9. Hesselink & Sturtevant 1988). Secondly, in
an eavironment that is characterized by limits in the speed. on the one
hand, and couples density fluctuations particularly efficiently 10 acous-
tically radiated power, as the Mach number increases. fluctuations and
mixing may become dear commodities. On the other hand. this behavior
could depend rather strongly on whether this is confined or open flow, as
noted in our discussion on stability analysis (Tam & MNorris 1980. Tam
& Hu 1988, Sec. 2.2) and by H. Hornung in private discussions, with
the sign of the outcome possibly dependent on the details!

It may be worth concluding by stating what is perhaps obvious.
namely that, from an applications point of view, enhancement of shear
layer growth and mixing is not always the objective. While 1t may
be, if one is interested in combustion efficiency and propulsion. 1 cer-
tainly 1s not in the case of film cooling of hypersonic propulsion devices.
aerodynamic windows for high power chemical lasers, etc. What is at
a premium here is the mastering of the fundamental physics of these
phenomena. which will permut the opuimuzation and control of their be-
havior for the specific. complex and sometimes unanticipated purposes
at the outset, in each case.
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Experiments were conducted to study the effects of heat release in a planar. gas-phase.
reacting mixing laver formed between two free streams. one containing hydrogen in
an inert diluent. the other. fluorine in an inert diluent. Sufficiently high concentra-
tions of reactants were utilized to produce adiabatic flaine temperature rises of up to
940 K (corresponding to 1240 K absolute). The temperature field was measured at
eight fixed points across the layver. Flow visualization was accomplished by schlieren
spark and motion picture photography. Mean velocity information was extracted
from Pitot-probe dvnamic pressure measurements. The results showed that the
growth rate of the layver. for conditions of zero streamwise pressure gradient.
decreased slightly with increasing heat release. The overall entrainment into the
laver was substantially reduced as a consequence of heat release. 4 posterior:
calculations suggest that the decrease in layer growth rate is consistent with a
corresponding reduction in turbulent shear stress. Large-scale coherent structures
were observed at all levels of heat release in this investigation. The mean structure
spacing decreased with increasing temperature. This decrease was more than the
corresponding decrease in shear-layer growth rate. and suggests that the mechanisms
of vortex amalgamation are. in some manner. inhibited by heat release. The mean
temperature rise profiles, normalized by the adiabatic flame temperature rise. were
not greatly changed in shape over the range of heat release of this investigation. A
small decrease in normalized mean temperature rise with heat release was however
observed. Imposition of a favourable pressure gradient in a mixing layver with heat
release resulted in an additional decrease in layer growth rate. and caused only a very
slight increase in the mixing and amount of chemical product formation. The
additional decrease in layer growth rate is shown to be accounted for in terms of the
change in free-stream velocity ratio induced by the pressure gradient.

1. Introduction

Combustion processes in turbulent flows are of great interest and are significant in
many practical applications. Because chemical reactions can occur only when the
reactants become molecularly mixed. understanding the flow processes leading to
mixing is vital to an understanding of turbulent combustion. Alternatively. the
amount and location of chemical product formation can provide an important
“window " into the fluid mechanics of combustion. The amount of chemical product
formed as a result of mixing cannot exceed the amount of reactant species entrained
into the layer. and the entrainment itself is related to the dvnamics of the turbulent
flow structure.

t Presently at United Technologies Research Center. East Hartford. (T 06108.
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A major advance in understanding turbulent shear ow was the discovery that
important aspects of the How processes in a shear layer are dominated by large-scale
organized structures. This was reported by Brown & Roshko (1971. 1974). Winant
& Browand (1974). Dimotakis & Brown (1976). and others. The discovery of large-
scale organization has motivated new measurements of composition. Konrad (1976)
measured the probability density function of the concentration of individual species
in a non-reacting gas-phase laver. Those results allowed an estimation of the amount
of product that would be obtained in a chemically reacting shear laver. Another
significant finding reported in that work was an asyvmmetry in the shear-laver
entrainment. with more high-speed than low-speed Huid entrained. Detailed
concentration measurements were performed in a liquid-phase shear laver by
Koochesfahani & Dimotakis (1986). Those measurements affirmed that species
transport in the layer is dominated by large-scale structures. [t was also shown that.
at high Reynolds numbers. the composition of the mixed fluid is quite uniform within
individual structure:.

The amount of mixing and product formation in a gas-phase shear flow with
chemical reaction was studied by Mungal & Dimotakis (1934). utilizing the
hydrogen-fluorine reaction. The effects of Revnolds number and chemical reaction
rate were addressed in the same facility by Mungal. Hermanson & Dimotakis (1933)
and Mungal & Frieler (1985). respectively. In addition. the structure of a gas-phase
chemically reacting mixing layer prior to the mixing transition was examined by
Masutani & Bowman (1986) using the nitric oxide—ozone reaction. Those investi-
gations were all conducted nnder conditions of low heat release. with no apparent
coupling between heat release and the fluid mechanics. Exploratory studies of
reacting shear lavers in liquid were performed by Dimotakis & Brown (1976). more
systematically by Breidenthal (1981). who determined the integral amount of
product in the laver. and by Koochesfahani & Dimotakis (1986). who were able to
provide detailed measurements of product concentration and its average profile
across the laver.

Much of the recent research in flows with combustion has been directed toward
understanding the effects of the flow field on the combustion process. These
considerations have led to the development of analytical models — for example. the
strained-flame models of Marble & Broadwell (1977) and Broadwell & Breidenthal
(1982). and models for the probability density function of a passive scalar proposed
by Pope (1981). Kollman & Janicka (1982). and Effelsberg & Peters (1983). Little
research effort has been directed. however. at the reverse problem: understanding
how the combustion processes affect the flow field. and. in particular. the layer
growth. entrainment. and large-scale structure dynamics. The study of these effects
was the primary focus of the present investigation.

An exploratory investigation into the effects of heat release was conducted by
Wallace (1981). who used the nitric oxide—ozone reaction to study the mixing and
combustion in a reacting shear layer. The maximum adiabatic lame temperature rise
attained in that investigation was about 400 K. Studies in reacting shear layers at
high temperatures (= 1400 K flame temperature rise) were performed by Ganji &
Sawyer (1980). Keller & Daily (1983) and Pitz & Daily (1983).

The present work is a sequel to the experiments of Mungal & Dimotakis (1984) and
can be considered to fill the gap between the low-heat-release studies of Mungal &
Dimotakis (1984). and Wllace (1981). and the high-heat-release investigations of
Ganji & Sawyer (1980). Keller & Daily (1983) and Pitz & Dailev (1983). The
reactants employed in the present experiments. hvdrogen and fluorine. allowed the




Heat release in a turbulent. reacting shear layer 335

svstematic study of heat release effects over a wide range of temperatures. In this
work the adiabatic lame temperature rise ranged from 136 K to 940 K. placmg the
adiabatic Hame temperature rise normalized by the ambient temperature in the
range 0.62 < AT,/T, € 3.1.

Heat release might be expected to alter both the macroscopic properties of a mixing
laver (such as the laver growth. entrainment and large-scale structure dynamics) and
the mic roscopic laver propertles (for example. the mmmg and the amount of
chemical product formation). It is not obvious a priori. for example. whether the
release of heat by a reacting flow would serve to increase or decrease the rate of
growth and entrainment of a shear layer. One might expect that the wedge-like
geometry of a shear layver would result in an increased rate of growth owing to the
dilatation and consequent displacement effects caused by an increase in temperature
in the mixing zone. The earlier results of Wallace (1981). however. suggested a slight
decrease in layer growth rate with increasing heat release. Wallace (1981) also found
some decrease in layer entrainment with heat release. An interesting. related question
is what effect heat release might have on the entrainment ratio.

The amount of mixing that occurs in a shear laver can be measured or inferred by
means of various techniques. Two methods which have been employved are the so-
called passive-scalar technique and the chemical-reaction technique. In the passive-
scalar technique. the concentration of a non-reacting entity serving as a conserved
scalar in the tluid (e.g. dve or a selected species) is measured and then used to
determine the amount of mixing (Rebollo 1973 and Konrad 1976 in gases:
Koochesfahani & Dimotakis 1986 in liquids). The chemical-reaction method relies on
the molecular mixing to allow the formation of some sort of product. which once
measured is used to infer the amount of molecular mixing that occurred (in gas.
Wallace 1981. Mungal & Dimotakis 1984 and Masutani & Bowman 1986: in liquid
Breidenthal 1981 and Koochesfahani & Dimotakis 1986). The present work used the
chemical-reaction technique. with the measured temperature rise (heat release) used
to determine the amount of product formed.

The effects of pressure gradient in reacting flow are of interest because many
practical devices have fixed geometry and do not have a means of manipulating the
pressure gradient. Some investigators, for example Bray & Libby (1981) and
Spalding (1986). have suggested that a pressure gradient might serve to enhance the
mixing and combustion in a reacting flow. The effects of pressure gradient on layver
growth and flow structure were investigated by Rebollo (1973) in a non-reacting
shear laver. In some cases reported in the present work. a favourable pressure
gradient was imposed on the flow. and the layer growth and product formation were
also investigated under these conditions.

The experimental facility and measuring techniques will be discussed in §2.
Sections 3 and 4 contain discussions on the chemistry and run conditions. The effects
of heat release on the growth and entrainment of the laver are examined in §5. The
amount of product formation and the large-scale structure dvnamics are discussed in
3§86 and 7. respectively. Finally, the effects of a favourable pressure gradient on the
growth and product formation of a reacting mixing layer are presented in §8.

2. Experimental facility and instrumentation
2.1. Flow apparatus

The experiments described here were conducted in the blow-down facility
documented by Mungal & Dimotakis (1984), which was partly modified as described
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by Hermanson (1983). Specifically. a planar shear flow was established between free
streams resulting from the discharge of separate mixtures of fluorine in an inért
diluent. and hydrogen premixed with a small amount of nitric oxide in an inert
diluent. The densities of the free streams were matched for most cases by using a gas
mixture consisting of nitrogen and a small amount of helium. on the fluorine side.
and a mixture of nitrogen and a small amount of argon on the hydrogen side. This
procedure was also used to match the heat capacities of the two free streams.
allowing the measured temperature rise to be simply related to the heat release in the
flow. The high-speed stream emerged from a 6:1 contraction with an exit area of
5x 20 cm. and the low-speed stream from a 4:1 contraction with a 7.3 x 20 cm exit
area. The gas mixtures were discharged into the contraction section through sonic
orifices. Small adjustments in throat areas were made to minimize variations in free-
stream velocity from run to run which would have resuited from the differences in
gas properties of the various mixtures employed. The two streams met at the tip of
a horizontal stainless steel splitter plate with an included angle of 3.8°. The test section
geometry is shown schematically in figure 1.

The high-speed upper wall was fixed for all runs at 0° (horizontal). The divergence
angle of the low-speed lower wall was adjusted before each rur for the desired
streamwise pressure gradient. The wedge-like geometry of the planar shear-layer
displacement allows this simple means of accommodating or imposing a pressure
gradient. Most of the runs in the present investigation were performed with the upper
and lower walls adjusted to the requisite divergence angle to ensure a zero
streamwise pressure gradient. For some runs. the walls were left fixed at the angle
required for zero pressure gradient at zero heat release. which allowed the heat
release to induce a favourable streamwise pressure gradient (accelerating flow), as a
result of the combustion displacement effects.

2.2 Instrumentation

Five diagnostic techniques were employed in this investigation: schlieren/
shadowgraph flow visualization. cold-wire resistance thermometer and thermocouple
temperature measuremeni. Pitot-probe measurements of the mean dynamic pressure
transverse profiles and measurements of two-point streamwise pressure gradient.
High-time-resolution spark schlieren photographs were taken with a spark source
(= 3 us duration), synchronized with a motor-driven 35 mm camera. at a rate of
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approximately three trames per second. Motion picture data were taken with a high-
speed pin register camera (Teledyne Model DBS 33) at a rate of 430 frames
per second. For the latter. continuous illumination was provided by a 200 W
mercury vapour lamp. The schlieren method is more sensitive than the shadow-
graph technique and is better suited for low-heat-release runs. It was found for
the conditions of this investigation. even at the higher flow temperatures. that
the schlieren technique resulted in better large-scale structure resolution than the
~hadowgraph method. A circular source mask and a circular hole spatial filter were
used 1n place of the conventional source slit and knife edge in an effort to give equal
weights to gradients in index of refraction in all directions and thus better resolve the
large-scale vortical structure of the flow. The hole sizes were increased with
increasing tlow temperature to adjust the sensitivity as necessary.

Temperature data were recorded with a rake of eight 2.5um diameter
platinum-10% rhodium cold wires. with a wire span of 1-1.5 mm. welded to
sharpened Inconel prongs of 0.014in. (0.36 mm) diameter. In the highly corrosive
environment of these experiments. it was found that the 2.5 um resistance wires in
the hottest regions did not survive runs in which the adiabatic flame temperature rise
exceeded approximately 600 K (corresponding to 900 K absolute). For this reason.
a rake of 25 um Chromel-Alumel thermocouples was employed for the hottest runs.
The leads of the 25 um thermocouple junctions (Omega Engineering CHAL-001)
were welded to prongs consisting of Chromel and Alumel wires of 0.010 in. (250 um)
diameter. Both the cold wire and thermocouple rakes were positioned across the
transverse extent of the layer. The probes were equally spaced at nominal intervals
of 1 em. which sufficed to capture the mean temperature profile. The total data rate
for the resistance wires was 80 kHz. corresponding to 10 kHz per prabe. This rate was
consistent with the estimated frequency response of the wires (see Mungal &
Dimotakis 1984). From that work it can be concluded that the characteristic
thickness of the reaction zones (flame sheets) as well as the Kolmogorov scales
(calculated using either a hot or cold value of kinematic viscosity) were bevond the
resolution capabilities of the resistance wire probes. The thermocouples were
sampled at 300 Hz each. for a total data rate of 4 kHz: their considerably lower
frequency response did not warrant a higher rate.

Thermocouples normally do not require calibration. The resistance wires were
calibrated as described in Mungal et al. (1985) using hot and cold jets of known
temperature. vielding calibration constants to convert voltage to temperature rise.
An additional correction was applied to the output signal voltage in the present
experiments to account for the nonlinearity (quadratic coefficient) in the resistivity
of the platinum-10% rhodium wire element at elevated temperatures (see Caldwell
1962). Using methods presented in Scadron & Warshawsky (1952). it was determined
that for neither the thermocouple nor the resistance wires was there significant
radiation error for the temperatures in this investigation. Conduction to the support
prongs could. however. have resulted in excursions from the mean temperature being
in error (low) by as much as 10% to 20 % for the cold wires and up to 40 % for the
thermocouples. Both diagnostics nonetheless produced accurate mean temperatures,
as during a small fraction of the course of the run (before data acquisition began) the
tips of the support prongs equilibrated to the local mean value. Good agreement
(tvpically within 5%) was obtained in runs in which both sets of probes were
employed. Errors resulting from differences in the thermal conductivities between
the free streams were small (Hermanson 1985).

The mean velocity was extracted from the mean dynamic pressure profile, which
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was measured by a Pitot probe rake of 15 probes connected to a miniature
manometer bank tilled with a Huorine resistant oil (Hooker Chemical Fluorolube Fx-
5). The bank had an adequate time response to vield a reliable mean dvnamic
pressure protfile during each run. The bank was photographed by a second motor-
driven 33 mm camera. The photographic data were digitized using a Hewlett-
Packard HP9874 digitizer and processed to vield dvnamic pressure protiles. This
technique of measuring the Pitot pressure was estimated to be accurate to
approximately 53". Rebollo (1973) estimated that the accuracy of extracting mean
velocities from Pitot and test-section wall static pressures in a low with a free-stream
density ratio of p,/p, = 7 is about 4-3% . In the present experiment. the density
ratio of the cold free streams to the hot layver centre is at most three. suggesting that
the Rebollo error estimate represents an upper bound under these conditions.

Ntreamwise pressure gradient information was obtained from pressure taps on the
low-speed lower wall. The static pressure was measured at two downstream locations
(r=>5.1 cm.r = 30.0 cm) and recorded as a differential using a Datametrics type 5373
Hluorine-resistant Barocel sensor.

3. Chemistry

The chemical kinetics of the hydrogen-fluorine system are summarized in Mungal
& Dimotakis (1984). The reaction yvields a temperature rise of 93 K for 1% F, and
1% H, in N, diluent under constant-pressure. adiabatic conditions (this is the so-
called adiabatic flame temperature rise). Proper chain initiation requires some free F
atoms. which were generated in these experiments by premixing a trace amount (3%
of the free-stream F, concentration) of nitric oxide into the hydrogen-carrving
stream.

For all flows reported here. the 1esulting chemical timescales were fast compared
with the fluid mechanical timescales. The chemical timescales for the reaction. over
the entire range of concentrations. were estimated using the CHEMKIN chemical
kinetics program developed by Kee. Miller & Jefferson (1980). The chemical rate data
for the reactions involved were taken from Cohen & Bott (1982) and Baulch et al.
(1981). The Damkohler number (ratio of mixing time to chemical time) based on the
local. large-sgale characteristic time (8,/AL. where d, is the width indicated by the
1% level of the mean temperature profile and AU = ', (', is the free-stream
velocity difference) ranged from 23 to 130 with increasing reactant concentrations.
The work of Mungal & Frieler (1985) suggests that the chemistry can be regarded as
being fast when the Damkd&hler number for the large scales exceeds 10. A threshold
Damkohler number of 10 for the large scales is also suggested by the results of
Masutani & Bowman (1986). Chemical kinetics are. consequentiy. not an issue in the
present investigation. where the chemistry was much faster as a resuit of the higher
reactant concentrations and combustion temperatures.

4. Run conditions
The nominal How velocities for this investigation were
U,=22m/s. 0, =88m/s. r={,/[} =040
with nominal equal free-stream densities. i.e.

’

Py

= 1.

3=

at one atmosphere pressure.
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FiGURE 2. Composite spark schlieren photograph. Flow is from left to right. Top stream.
H,. [, =22 m/s: lower stream: 5% F,. [, = 3.3 m/s. AT, = 457 K: Re,I = 6.2 x 104,

Reactant concentrations ranged from 2% fluorine and 2% hydrogen up to 6%
fluorine and 24 % hydrogen. corresponding to an adiabatic flame temperature rise in

the range 186 K< AT, < 940 K

resulting in a maximum local mean temperature rise in the range
125 K < AT,,, < 350 K.

The density changes corresponding to the adiabatic flame temperature rise were

0.38 < Apy <0.76.
Po
where Ap, is the density difference between the coid free streams and the density in
the layer. calculated using the adiabatic flame temperature rise and neglecting small
differences in static pressure in the layer. The corresponding density changes
calculated using the maximum local mean temperature rise were

0.29 < Mmex < .65
Po

A composite spark schlieren photograph of two different runs is shown in figure 2.
The flow is from left to right with the high-speed free stream in the upper half of the
figure. The splitter plate tip and the temperature and Pitot probe rakes at the
measuring station are visible at the extreme left and right edges of the figure.
respectively.

The local Reynolds number at the measuring station was tvpically

Re, = AUS,/v = 6x 10%.

where v is the cold free-stream kinematic viscosity. This value of the Revnolds number
is well above that for the mixing transition as reported by Konrad (1976).
Breidenthal (1981) and Bernal et al. (1979). Mungal & Dimotakis (1934) and
Koochesfahani & Dimotakis (1986) report that the width 4, correlates well with the
layer visual thickness 4,,, as defined by Brown & Roshko (1974): this was also
confirmed in the present study. The measuring station for the cold wires and Pitot
was at r = 43.7 cm downstream of the splitter plate trailing edge for all runs. The
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thermocouple rake was normally positioned at r = +4+.8 em. The corresponding
Revnolds number based on the high-speed free-stream velocity and on the
downstream distance was typically Re, = [ x/v = 6 x 10°. The momentum thickness
of the high-speed boundary layer on the splitter plate. 6,. was calculated by
Thwaite's method and vielded a Reynolds number based on momentum thickness of
{,6,/v = 240. At the measuring station the normalized distance to the splitter-plate
tip was estimated to be r/6, = 2800. This is substantially larger than the value of
r/8, = 1000 which Bradshaw (1966) suggests may be required for the layer to become
self-similar. This value of /6, is in the range of other shear-laver investigations. for
example z/6, = 2300 in Dimotakis & Brown (1976). r/6, = 2900 in Browand &
Latigo (1979). and z/6, = 4000 for Brown & Roshko (1974).

The stoichiometric mixture ratio, @. is defined here as the ratio of the low-speed
free-stream molar concentration. c,,, to the high-speed free-stream molar con-
centration, ¢,,. divided by the low-speed to high-speed molar stoichiometric ratio:

(Co2/Co1) .
(Coa/Car)s

¢ = ()

or, in this case, o= cﬁ. (2)
‘o

since the hydrogen—fluorine stoichiometric ratio is unity. Equations (1) and (2) can
be regarded as representing the volume (or mass) of high-speed free-stream fluid
necessary to react completely with a unit volume (or mass) of low-speed free-stream
fluid. Volume and mass. if differential diffusion effects are ignored. are inter-
changeable in this discussion because the free-stream densities in this experiment
were nominally equal. For this investigation. the stoichiometric mixture ratio was in
the range ¢ = 1 to ¢ =}, with the lean reactant. fluorine, always on the low-speed
side of the laver. As the heat release was increased. it was determined that no obvious
deviation from the simple trends with heat release (to be discussed later) warranted
extending the heat release further. This consideration. in addition to issues of safety.
restricted the use of high-speed free-stream hydrogen concentrations to a maximum
of 24%. As a consequence, for the higher levels of heat release the extreme value of
stoichiometric mixture ratio was ¢ = 1.

All the flows in the present investigation were momentum-dominated with
negligible effects of buoyancy. For the present investigation. the maximum value of
the Richardson number is

where g is the gravitational constant. Koop & Browand (1979) suggest that a
minimum value of Ri x 0.05 is required in a shear layer for the effects of buovancy
to become important.

5. Shear-layer growth and entrainment

5.1 Shear-layer growth rate
The thickness of the shear layer, as indicated by the width of the mean temperature
profile at a fixed downstream location, decreased slightly with increasing heat

release. The observed | % temperature profile thickness at zero pressure gradient.
normalized by the downstream distance r — x, (here taken to be constant), is plotted
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FiguRE 3. Temperature profile thickness growth rate vs. heat release. A. Wallace (1981):
O. Mungal & Dimotakis (1984): [C. present resuits.

in figure 3 versus the mean density reduction parameter. Ap/p,. Results obtained
from Mungal & Dimotakis (1984) and Wallace (1981) are also presented. The
parameter Ap/p, = (p,—p)/p, represents the mean normalized density reduction in
the layver due to heat release. where g is the mean density in the layer and p, =
Hp, +p,) is the average (cold) density of the free streams. The mean density is defined

here as ) no, , 5
P—Pof’lm 7. (3)

where 7, , are the 1 % points of the mean temperature profile on the high- and low-
speed sides. respectively (see figure 1), T, is the ambient temperature. and A7 is the
time-averaged temperature rise at each point across the layer. This calculation
neglects the small changes in pressure across the layer by taking the pressure to be
constant. Small variations in the free-stream speed and density ratios from run to
run (see Hermanson, Mungal & Dimotakis 1987) have been corrected for by use of a
formula proposed by Dimotakis (1986)

g e(———rl—r 1+t ———1-8} (4)
-—= - .
x 1 + str 1+2. :+:

where s = p,/p,. r = [;/L;. and ¢ is a constant. The correction consisted of using (4)
to normalize each point in figure 3 by the ratio of the expected thickness for a cold
layer with the actual speed and density ratio to that of a cold layer with the nominal
values of s = 1. r = 0.4. A linear least-squares fit to the data in figure 3 suggests that
the layer thinning. for a mean density reduction of 40%. may be as high as 15%.
Extrapolation of the data in figure 3 indicates that the laver will retain a finite
thickness even for the extreme case of zero mean density in the layer (Ap/p, = 1.0).
The largest mean density reduction presented in this work. Ap/p, = 0.38. corresponds
to a run with an adiabatic flame temperature rise of AT, = 940 K and a mean
temperature rise in the layer of (AT = 248 K. No dependence of the thinning trend
on stoichiometric mixture ratio (at a given value of Ap/p,) was observed.
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The decrease in laver width with increasing heat release was noted by Wallace
(1981) and was confirmed in the present set of experiments. in which the maximum
mean flow temperature increase was about three times greater than that of Wallace.
The implication of the results presented in figure 3 is that the rate at which the laver
grows with downstream distance is reduced by heat release. The parameter
d,/{x —x,) represents the growth rate of a linearly growing shear layer. The location
of the virtual origin. r,. is a complicating factor. and the trend in laver growth rate
suggested here does allow the possiblity that a shift in the virtual origin with heat
release could result in slightly different growth rates than those suggested by figure
3. The location of the virtual origin in this work was determined visually from the
intersection of the apparent laver edges. as revealed by spark schlieren photographs
(see Brown & Roshko 1974). This vielded values of z, in the range —5 < r; < —1 cm.
but did not. however. suggest any systematic change in the location of the virtual
origin with heat release. A representative value of r, = —3.2 cm was used for all
normalizations in this investigation. It should be noted that initial conditions can
have a significant effect on layver growth as has been shown. for example. by Batt
(1973) and Browand & Latigo (1979). In this investigation the initial conditions were
essentially fixed.

Although the actual thickness of the laver decreased slightly with increasing heat
release. the density decrease in the laver due to the increased temperature was
nevertheless responsible for a displacement velocity in the external flow. At zero
pressure gradient. this displacement deflected the low-speed free stream away from
the laver and also deflected the layer away from the high-speed upper wall (the latter
effect is a consequence of maintaining a fixed high-speed upper-wall orientation). The
low-speed lower-wall divergence required for zero streamwise pressure gradient is.
neglecting wall boundary layers. a direct measure of the displacement thickness of
the layer. §*. where 6*/(xr—x,) indicates the tangent of the angle. g. bv which the
low-speed free streamline is deflected owing to the presence of the shear layer (see
figure 1). Note that the displacement thickness is less than zero for a layer with no
heat release. and increases steadily with heat release. as shown in figure 4. Some
unpublished data of Mungal are included in the figure with the present results. Since
the streamwise pressure gradient for a given run was typically not exactly zero (see
table 2. §8.1). each data point in figure 4 was corrected empiricallyv to correspond to
the approximate wall setting that would have resulted in a zero value of pressure
gradient.

The slight reduction in layer thickness (and growth rate) with increasing heat
release is also confirmed by the mean velocity data. The shear-laver vorticity
thickness. § . can be defined by normalization of the maximum slope of the mean
velocity profile by the free-stream velocity difference. as follows:

11 (d(
8, AU\dy/nma

A plot of the vorticity thickness variation with heat release. again corrected for small
variations in speed ratio and densitv ratio. is shown in figure 5. The solid line
represents the change in vorticity thickness. §,. implied bv the reduction in [ %
thickness. 4,. assuming that §_ /8, = 0.55 = constant. Brown & Roshko (1974) report
a somewhat lower value of §,/4, * 0.48. Each point was normalized by a
representative value for the vorticity thickness at zero heat release. The portion of
the present results at moderate heat release. including some unpublished data of
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FicURE 4. Normalized layer displacement rs. heat release: O. Mungal (unpublished data):

. present results.
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FioURe 5. Normalized vorticity thickness rs. heat release. O. Wallace (1981): [J. Mungal
(unpublished data): A. present results. 6“0 is vorticity thickness at zero heat release.

Mungal. are in good agreement with Wallace. Since the data of Wallace were
originally given in terms of AT, /T,. the maximum time-averaged temperature rise
over the ambient temperature. it was necessary to use the quantity AT,,,/
(AT nax + Ty) for the abscissa parameter of figure 5. This quantity is slightly different
from Ap/p, because the density is not a linear function of the temperature rise.

In addition to an increase in maximum slope with heat release. the mean velocity
profile was also observed to change somewhat in shape. Velocity profiles at low and
high heat release are plotted in figure 6. against the normalized transverse coordinate
(y—y.)/8,. where y. is the location of the centre of each profile (i.e. where
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FiGURE 6. Velocity profile shape change with heat release: O. unreacting flow. 8, /(xr —z,) = 0.090:
O. reacting flow. AT, = 457 K. 8,/(xr—x,) = 0.079. Dashed line is hyperbolic tangent profile.

U = }(U,+ (). The dashed line represents a hyperbolic tangent profile with the same
maximum slope as the velocity profiles. The proiile at high temperature appears fuller
than the corresponding low-temperature profile. A modified fit of the form

Cy—y)-L _ ¥=¥e\, (1=
ST = e a52) 132
provides a good fit to mean velocity profiles over all temperatures in this
investigation. The parameter b can be regarded as a measure of how the profile differs
in fullness from a pure hyperbolic-tangent profile; b decreases with increasing
temperature as the profile becomes more like a hyperbolic tangent.

Experiments performed at higher temperatures than those in this work by Pitz &
Daily (1983) in a combusting mixing layer formed downstream of a rearward-facing
step indicated that the vorticity thickness did not appear to change between their
cold runs and high-heat-release runs. Keller & Daily (1983). however, report that in
a reacting mixing layer between a cold premixed reactant stream and a preheated
combustion product stream the vorticity thickness increased significantly with
increasing temperature. Direct numerical simulations of two-dimensional flow in a
reacting mixing layer performed by McMurtry et al. (1986) suggest a decrease in layer
growth rate when exothermic reactions occur. in qualitative agreement with the
present results. Similar trends have been seen in subsequent three-dimensional
simulations by McMurtry & Riley (1987). Additional discussion of heat release effects
on laver growth is presented in §5.4.

5.2 Shear-layer entrainment

That the laver growth rate does not increase with increasing temperature. in
conjunction with a substantially reduced density in the layer. implies that the total
volumetric entrainment of free-stream fluid into the laver must be reduced by heat
release. A method which approximates the overall entrainment is to use the
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% F,/%H,  AT(K) Ap/po n Ne B r
1/1 93.0 0.085 0.0734 —-0.0842 0.0103 0.388
1/8 165.0 0.120 0.0717 -0.0835 0.0174 0.380
2/2 186.3 0.153 0.0632 —-0.0819 0.0221 0.411
21 247.6 0.190 0.0842 —0.0881 0.0179 0.373
3/3 278.1 0.206 0.0615 -0.0870 0.0216 0.392
4/4 368.2 0.260 0.0608 —-0.0897 0.0334 0.390
5/5 436.3 0.286 0.0525 —-0.0945 0.0329 0.393
4/16 600.3 0.311 0.0544 ~0.0951 0.0509 0.373
6/6 553.8 0.313 0.0520 -0.0943 0.0436 0.382
6/12 737.4 0.361 0.0484 -0.100t 0.0819 0.364

TaBLE 1. Nelected values of laver geometry parameters. AT, = adiabatic flame temperature rise:
Ap/p, = mean density reduction: p,.7, = similari.t_v coordinate at 1 % points of mean temperature-
rise profiles on the high-speed and low-speed sides. respectively: g = low-speed lower sidewall
deflection angle: r = free-stream speed ratio. The first two data points listed are from Mungal

(unpublished data).

geometry of the layer as shown in figure 1 to derive (Brown 1978: Dimotakis

1986) ;

. m= 7]1—7(7]2+t8nﬂ). (5)

where I is the volume flux into the layer per unit span. r = [;/L}, 7, , are the
similarity coordinate edges of the shear layer and £ is the deflection angle of the low-
speed lower wall. Certain assumptions about the nature of the vertical component of
velocity are implicit in this formulation. Equation (5) neglects the displacement of
the wall boundary layers by taking the free-stream vertical component of velocity to
be zero at the high-speed upper wall and to have the value implied by the angle g
near the low-speed lower wall. These values of the free-stream vertical velocity are
taken in (3) to also be those at the corresponding laver edges. Bv continuity. the
change in mean horizontal velocity across the layer implies a corresponding change in
the mean vertical velocity. At the outer edges of the layer. for example at the
locations indicated by the 1% points in the mean temperature profiles. the mean
vertical velocity components do have values nearly equal to those in the free stream.
That is not the case. however. for points deeper inside the layer. Equation (5) will be
referred to as the geometric entrainment calculation method. Representative values
of 1,. n,. and g are presented in table | for varving amounts of heat release.

The entrainment into the layer can also be calculated from the mean velocity and
density (i.e. temperature) profiles as follows:

vV " pl’
; = -dy. 6
Li(x—z) J.;,,Pol'l ! ©

Unlike the geometric relation (3), the integral relation (6) does not make any
assumptions about the nature of the vertical velocity components. This expression
assumes that the layer is self-similar at the station at which the integral is performed.
Results from Mungal et al. (1983) suggest that there is a weak Revnolds-number
dependence on product formation. Since the growth rate does appear to be a function
of the product formation (i.e. heat release). strictly speaking. the flow cannot be
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expected to be exactly self-similar. The quantity p{" was estimated by gl". which was
used here as an approximation for the density-velocity correlation pu. where u and
[" are the instantaneous and mean downstream velocity components. respectively.
Equation (6) will be referred to as the integral entrainment calculation method.

A common difficulty of both the integral and geometric entrainment calculation
methods involves selection of appropriate values for 5, and 5,. Konrad (1976) was
able to circumvent the difficulty of edge point selection by incorporating an estimate
for the intermittency obtained from species concentration data.” The resulting
expression for the entrainment can be expressed in integral form as

1" ex r _
f y(rz)p dy. (7)

Gr—x) ). "o,

where y(5) is the intermittency. that is. the mean fraction of the time that turbulent
(or mixed) fluid is encountered. Expressions (3) and (6) can be thought of as
indicating the amount of fluid that is entrained into the overall boundaries of the
layer: (7) estimates the amount that actually enters the turbulence (and becomes
mixed). Equation (7) will be referred to as the intermittency-weighted entrainment
calculation method.

An estimate for the intermittency can be made by relating it to the probability of
finding mixed fluid at a given location in the laver. Koochesfahani & Dimotakis
(1986) showed that the total mixed-fluid probability. P, (y), can be related to the sum
of the normalized (mean) product concentrations. 5. at very high and very low
stoichiometric mixture ratios. as follows:

Tply: 9 = x) Tely:9=0)
‘n Coz

Paly) = (8)

The mean product concentration can. at low heat release. be related to the mean
temperature rise (see Mungal & Dimotakis 1984). giving for the mixed-fluid
probability

_(_137‘(3/:9{: =ac)+fp_ﬂ(y:¢ =0
AQ Co1 AQ Co2

where AQ is the molar heat release of the chemical reaction and ép is the molar
specific heat capacity. It was shown by Mungal & Dimotakis (1984) that the amount
of product formed is close to the asymptotic limits for @ = 8 and ¢ = . These limits
mean physically that the (mixed) lean reactant has been nearly fully consumed.
Taking. as an approximation. the intermittency to be equal to the total mixed-fluid
probability gives. in similarity coordinates,

Puly) = (9)

. . C BTy:¢=8) C,AT(n:¢p=4
a2t NP=0) AT P=s)
Y(”'q) AQ co‘ +AQ cog

The parameter ¢ is added to indicate a possible functional dependence on heat release:
a possible choice is § = Ap/p,.

It is not clear exactly how intermittency changes with heat release. as in this
investigation the cases ¢ = 8 and ¢ = } were not investigated at high heat release. It
will be seen in §8. however. that there is some decrease in the heights of the mean
temperature-rise profiles normalized by the adiabatic flame temperature rise. with
heat release. This allows the possibility that intermittency may be affected by heat
release.

(10)
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FieURE 7. Dependence of volumetric entrainment on heat release: O. [J. geometric entrainment
calculation method: A. +. integral entrainment caiculation method: -O-. intermittency-
weighted method using ¥(y:0): -V-.. intermittency-weighted method using 7(y:4): x. Konrad
(1976). See text for explanation. Data for 0 < Ap/p, < 0.13 calculated from Mungal (unpublished
data).

The resulting entrainment data. using the geometric. integral, and intermittency-
weighted entrainment calculation methods, are presented in figure 7. Results
calculated from unpublished data of Mungal are also included. The data sets labelled
8, and §,, were calculated without intermittency using for edge points the 1% and
10% points in the mean temperature profiles. respectively. The solid and dashed
lines are linear least-squares fits to the data.

The lowest sets of data in figure 7 were calculated by the intermittency-weightd
method. The intermittency used in calculating the data set labelled y(y;0) was
estimated using the low-heat-release resuits of Mungal & Dimotakis and (10). For the
data set labelled y(y: ). the height of the intermittency profile was taken to decrease
in direct proportion to the decrease in the normalized mean temperature profiles at
¢ = } with heat release. as discussed in §6. The data with changing intermittency do
not suggest a significantly different trend than the results calculated incorporating
the intermittency estimated from the low-heat-release results. It should be
emphasized that this change in intermittency with heat release is speculative and
that the actual dependence of the intermittency on temperature is yet to be
established.

Regardless of the choice of method or reference points. the inference is that the
total entrainment into the laver is strongly reduced with increasing heat release.
amounting to a decrease of about 50 %. for a mean density in the laver of 40 % below
its nominal cold value. That the entrainment reduction is in excess of the mean
density reduction suggests that the decrease in entrainment flux with heat release
more than compensates for the displacement effects due to density change. vielding
a thinner layver thereby. The entrainment reported by Konrad (1976) for a non-
reacting shear layer. estimated using intermittency. is included for comparison in
figure 7. The value shown was scaled for comparison by the estimated growth rate
at zero heat release in the present experiment. and is in fair agreement with the

12 FLM 1990
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present results. The linear least-squares fits shown in figure 7. if extrapolated to
higher values of mean density reduction. would cross the r-axis and indicate zero
entrainment into the layver for a value of Ap/p, = 0.8. It will be argued in §7 that -
Ap/p, may never reach that value. even for very high flame temperatures but will
rather tend to a limiting value that is substantially less.

The difference between the integral and geometric methods can be used to infer.
in an approximate fashion. the amount by which the time-averaged quantity pu
differs from the approximation gl used for the computations in this section. The
difference is the fluctuation correlation term p’«’. In view of the good agreement
between the integral and geometric methods shown in figure 7 over all values of heat
release. the quantity p'u’/pl does not appear to be greater than about 4% over the
width of the layer. If it is assumed that the profile p’u’ (5) is Gaussian-like. the
maximum error near the centerline of the layer could be about 9%. Since the mean
velocity itself is estimated to be accurate only to about 4% (Rebollo 1973) however.
the data do allow the possibility that p"u’ could on average be much smaller than 4%
of pU. or. in fact. zero.

3.3. Entrainment ratio

Methods analogous to the integral and geometric methods for total entrainment can
be developed to give estimates of the volumetric entrainment ratio. that is. the ratio
of high-speed entrained fluid to low-speed entrained fluid. The geometric result is
developed in Brown (1978) and Dimotakis (1986) and is

~a_n

E"~L’,—r/,—tanﬂ' (1)
As noted by Dimotakis. (11) assumes that the ratio of the fluid inducted into the
layer from each of the free streams is the same as the ratio of the fluid fluxes
intercepting the corresponding (mean) visual edges of the shear layer. For the
entrainment calculations in this investigation, the edges of the layer were taken to
be those indicated by specific points in the mean temperature profiles. as explained
earlier. An integral method for estimating the entrainment velocities into the layver
can be derived from formulas presented in Konrad (1976). here expressed in terms of
linear similarity coordinates:

Ve fl p['
— = -d (12)
1 ,,PoLI "
v Te M
and -$=J‘ -B-L—.-drl. (13)
4 q,PoL1

where |, are the entrainment velocities into the high-speed and low-speed sides of
the layer. respectively. and 5, is the location of the dividing streamline. p, is
obtainable from the following commonly employved relation. derived from combining
the continuity and momentum equations:

)] e (-z)
o —=r)dp = | S=|1~-=]|dn. (14)
J'-xpolx G, " q,Poll G, "

The corresponding integral formulas incorporating intermittency are
Nooo(x (-
e N -
- = () —=d (13)
C f AN

:
1 T
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Ficvre 8. Effect of heat release on entrainment ratio: O. based on 1% thickness of mean
temperature profiles: A, based on 10% thickness: +. calculated with intermittency. Lines shown
are least-squares fit to data.

Ve L pL’
—t = — . 1
and T, Lc ﬂmp& dy (16)
The volumetric entrainment ratio is given by
E b,
v V!’

The issue again arises. for the calculations without intermittency. of how to choose
the values of 7, and 5,. This issue is much more critical here than in the evaluation
of the methods for the total entrainment, since small inaccuracies in ¥, and ¥,
(resulting from errors in 7, and 7,, for example) can result in large errors in the ratio
E,. The fact that only eight temperature probes were employed across the width of
the layer made precise determination of the values of 7, and, to a lesser extent. 7,,
difficult in this investigation. Note that the same cautionary remarks made in the
previous section concerning the nature of the mean vertical velocity components also
apply to the present discussion. In particular, in the geometric calculation (11) the
boundary layer on the low-speed lower wall adds to the apparent layer displacement
and can result in an observed value of # which exceeds the actual é*/(zx—z,) of the
layer. This could cause (11) to indicate a substantially higher entrainment ratio than
actually occurs in the flow.

The calculations from the present data and also those of Mungal using integral
>ntrainment formulas, (12) and (13), are presented in figure 8, using as before the 1 %
and 10 % points of the mean temperature profile to get 7, and 7,. Linear least-square
fits were performed for each data set. Each data point in figure 8 has been corrected
for run-to-run variations in speed and density ratio by using. in a similar fashion to
the growth rate correction applied in §5.1. the following formula derived by
Dimotakis (1986) for the entrainment ratio:

I—-r -
1+ r)' (D

122

E,,zsl(uo.es




350 J. C. Hermanson and P. E. Dimotakis

The 1% data indicate no systematic change in volumetric entrainment ratio. The
corresponding 10 % results indicate a decrease in volumetric entrainment ratio with
heat release of up to about 15% for a mean density reduction in the layer of 40%.
The results employving the integral formulas with intermittency. (13) and (16). are
also shown in figure 8 and indicate a comparable trend with the results calculated
using the 10% points of the mean temperature profile. In this calculation. the
intermittency was taken to be unchanging with heat release. An additional estimate
of the change in entrainment ratio with heat release. using large-scale structure
statistical information. is presented in §7. and is consistent with these results.

It is worth noting that the actual values of the entrainment ratio estimated by the
methods without intermittency. using the 1% points, appear to exceed substantially
the values calculated taking intermittency into account. and also the value given by
Konrad of E, = 1.3 for the non-reacting layer at comparable speed ratio. This
suggests that the amount of high-speed fluid within the outside boundaries of the
layer (as suggested by the width of the mean temperature profile). but yet unmixed.
may exceed the corresponding amount of low-speed fluid by a factor greater than
1.3.

3.4. Discussion of heat release effects on layer growth

The observed heat release effects on layer growth and entrainment may be related to
a decrease in the turbulent shear stress in the layer. The experimental data in fact
suggest a decrease in shear stress which can be attributed to the density reduction
in the layer caused by heat release. The following arguments are included as an a
posteriort effort to estimate the magnitudes of the various effects that enter in the
accounting of the growth rate of the shear layer. The discussion describes what is
essentially a self-consistent calculation: it is not proposed here that such arguments
could have been used to predict these results prior to their establishment by
experiment.

The turbulent shear stress can be calculated from the time-averaged equations for
conservation of mass and r-momentum. These equations for this flow can be
developed by expressing the components of velocity and density as the sum of mean
and fluctuating parts. i.e. ¥ =U+u'.¢=V+1" and = p+p’. where the primes
indicate the fluctuating parts. The mean quantities are shown here with no diacritical
marks. The equations are

. .. C =

E;(p()-i-a(p[)-\-o. (18)
¢, ;o € rum cp o7
—_ — Py~ 4 —
ex(p[ )+ay(p(. ) ax+ay‘ (19)

where pI" = pI"+p7v". the bar being used to denote the time average. It is assumed
here (as supported by the discussion in §5.2) that p’u’ <€ pU’. that the Reynolds
stresses are much larger than the viscous stresses. and that all fluctuation correlations
in u (pu?. 2Upw. and p'u’?) are small compared with the product of pU'*. The
gradients in the y-direction are assumed to be much larger than gradients of similar
quantities in the x-direction. The quantity 7 in the r-momentum equation (19) is the
turbulent shear stress. where 7 = —pu’t’. the Revnolds stress. plus higher-order
terms (p w . U'p’v’. and 'pw’). For the purposes of this discussion. it is not necessary
to state exactly which fluctuation terms constitute 7.

The r-momentum and continuity equations can be combined by introducing a
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similarity variable and also a stream function. Taking here y = y/8(x)t. where d(x)
is a characteristic laver width (e.g. d,). allows rewriting of the r-momentum equation

(19) to give ACds ~dU _dr  dpdé

B Tr TRl i M

(20)
The continuity equation (18) is identically satisfied if the two-dimensional mean
velocity (.O,npbnents are derived in the usual manner in terms of a stream function
of the form ¥ = p,L;8(x)fiy) where the velocity—density products are given by
Y - 4
U=—. pl'=—-—. 2
P &y P 3 (1)

Expressing (21) in terms of linear similarity coordinates gives the following relations

for the velocity components: df
U=Us5 (22)
dy
5 geaf df \dé
= aj _ \do )
and ‘ L‘S(”dﬁ )dx- (23)

where §() = p,/p. Combining (20) and (21) with (22) and (23) thus gives

LAY CLU| I S B
Al%dx drn*] p,AUdn p,AU%dpdx’

Equation (24) provides. for given f(y) and () profiles. a means of estimating the
shear-stress profile. The second term on the right-hand side (pressure term) is
small.

Equation (24) can be integrated with respect to » to determine the laver shear-
stress profile. Performing this calculation may result in a computed shear-stress
profile that indicates a non-zero shear stress in one of the free streams. (see. for
example. Spencer & Jones 1971). The calculated shear stress can be ensured to tend
to zero in both free streams if the following condition. which is essentially a
statement of conservation of mass for the top (i.e. high-speed) half of the layer. is
enforced e

= L_d o=

Mh " p‘ Lvl 7. (-D)

where p,, is an arbitrary point in the high-speed free stream outside the layer. The

dividing streamline. 7,. corresponds to the location at which pi° = ypl’. and is also

the point at which the shear stress in the laver is a maximum. In the computations

of Lang (1983) for a non-reacting layer. the shear stress was fixed at zero in the

free streams by specifving the value of the vertical velocity component in the low-

speed free stream. The vertical velocity component in the high-speed free stream was
then obtained from integrating the continuity equation (18).

(‘alculated turbulent shear-stress profiles are shown in figure 9. Model density and
velocity profiles. obtained from experimental results. provided the functions f(7) and
i(n). The changes in mean velocity profile with heat release were discussed in §5.1:
:he changes in mean temperature profile will be discussed in §6. For the purposes of

* In this discussion. this form is more convenient than the form n = y/(xr—x,) used in previous
sections.
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FioCrE 9. Calculated shear-stress profiles: —. Ap/p, = 0: ---. Ap/p, = 0.2: "+ . Ap/p, = 0.4: O.

data of Spencer & Jones (1971). 5, is the location of the dividing streamline.

the computations performed in this section. symmetric model density (i.e.
temperature) and velocity profiles were assumed, whose fit parameters were varied
to match the observed changes in the profiles with heat release. The growth rate.
dé/dz. was taken from the data of 8,/(z —z,) depicted in figure 3. It can be seen that
with increasing heat release a marked decrease in shear stress is indicated. A
broadening of the shear-stress profile with heat release is also apparent ; this results
from the broadening of the mean velocity profile U(7) as was seen in figure 6. The
calculated shear stress at zero heat release agrees well with the values of 7 = —pu’v’
reported by Spencer & Jones (1971) for non-reacting flow (scaled here in width to
match the present data, which are at a different speed ratio). A decrease in shéar
stress with heat release is also consistent with the results of direct numerical
simulations by McMurtry & Riley (1987). which indicate that a density reduction due
to heat release serves to both suppress the turbulent shear stress as well as to lower
the generation rate of turbulent kinetic energy.

It is interesting to note that the decrease in shear stress with heat release is also
consistent with the mixing-length scaling argument of Prandtl (1925):

ol s 00
T /"15‘;- s = ay

where [ is the mixing length. Expressing ¢{’/dy in similarity coordinates gives

It

dU|dr )
T p(F

.(T'I)- 31; (26)

Assuming [ ~ &, (26) suggests that if the similarity mean velocity profile is not
strongly altered by heat release. the shear stress will decrease with decreasing
density. An alternative argument is that if the correlatlon w'v’ is not greatly altered
by heat release. then the Reynolds stress, 7 = —pu’s’. will decrease with heat release
owing to the decreasing densnty It should be pointed out. however. that some change
in the velocity field does evidently occur with increasing heat release. This was seen
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ork by the broadening of the mean velocity profiles in figure 6. An
argument presented by Wallace (1981) suggests thg.t the vorticity distribution within
the large structures is altered by ‘heat relea.sg owing to the action of thg baroclinic
torque which arises from nqn-allgned density .gradlen't' and acceleration vectors.
This implies a change both in the mean velocity and in the fluctuating velocity
correlation terms. The effects of thermgl expansion in addition to those of baroclinic
torque have been examined in detail by the direct numerical simulations of
McMurtry et al. (1986) and McMurtry & Riley (1987). The results of those simulations
clearlv show a redistribution of vorticity leading to a decrease in the vorticity in the
structure cores. Some changes in the shape of the mean velocity profiles with heat
release were also indicated by those simulations. However. as quantified in the
following discussion. the density change alone appears to be sufficient to result in
decreased values of turbulent shear stress consistent with the observed decrease in
laver growth rate. This, in addition to the observed relative insensitivity of the mean
ve:locit_v profile to heat release. suggests that. as concerns the shear stress. the change
in density dominates over changes in the velocity field.

There ;a.ppear to be several possible values of density to employ in estimating the
turbulent shear-stress reduction caused by heat release. One choice is the mean
density at the given transverse station in the layer. Another possibility is suggested
by considering the large-scale nature of the flow. Rajagopalan & Antonia (1981)
found in a non-reacting flow that at least 80 % of the total shear stress appeared to
be contained within the large-scale structures. As discussed in §7. large-scale
structures persisted at all levels of heat release in this investigation. This suggests
that an appropriate method for estimating the shear stress in a flow with heat release
might consist of a combination of the shear stress found in unreacting flow and some
representative large-scale structure shear stress. The shear stress could be expressed
as

in the present W

p*
P
where 7,(7) is the shear-stress profile for the non-reacting flow. p* is the structure
density (here taken to be uniform within the structure). and d is the fraction of ttal
stress contributed by the large-scale structure.

In order to obtain an estimate for the temperature in the structures from the mean
temperature profile. it must be kept in mind. as pointed out by Mungal & Dimotakis
(1984). that cold tongues of fluid penetrate well into the layer. This will be seen in
§6 to also be the case at high heat release. These statements imply a value of a
representative homogeneous large-scale structure temperature somewhat higher
than the maximum mean temperature. The structure density can thus be expressed
as

(27)

T(n) = (1 ~4) To(n) +d7o(y)

p* _ T,
po 7;’ + éKTm.x.
where AT

max IS the maximum mean temperature rise in the layer and ¢ is a weighting
factor of value greater than unity.

The dependence of the peak shear stress on heat release is shown in figure 10. The
solid line represents the peak shear stress calculated from the mean velocity and
density profiles. The dashed and dotted lines correspond to the peak shear stress
predicted by the method of (27), assuming values of d = 0.8. ¢ = 1.0 and d = 1.0.
¢ = 1.1, respectively. These two curves are above and below the result calculated
from the mean velocity and density profiles. This method does not allow deter-

(28)
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Figure 10. Reduction in maximum shear stress with heat release: —. calculated from p. [ protiles
cee.d=08.¢6=10: . d=10.¢=1.1: —— . §/xr = constant. See text for explanation.

mination of d and ¢ separately. It does. however. suggest that the scaling of (27)
is reasonable and is consistent with the possibility that at least 80 % of the shear
stress is contributed by the large-scale structures. Also included in figure 10 is the
trend in maximum shear stress that would occur if the layer growth rate were
constant and unchanged bv heat release. The implication is that, even if the layer
growth rate were constant. a substantial decrease in the turbulent shear stress would
occur with heat release.

6. Temperature rise and amount of product formation

Time-resolved temperature measurements were performed using the cold-wire
probes described in §2.2. Sample time traces are presented in figure 11(a).
corresponding to a run with 2% F, and 2% H,. with an adiabatic flame temperature
rise of 186 K. Similar traces were presented. for conditions of low heat release. by
Mungal & Dimotakis (1984). Figure 11 (a) consists of individual traces representing
the temperature rise récorded by the individual probes. with the high-speed
free stream toward the top of the figure. Each horizontal axis represents 51.2 ms of
real time. The vertical coordinate of each trace is AT/AT,,,. where AT, ,, is the
maximum temperature rise recorded by any probe. The traces are representations of
the temperatures sensed by the probes as the hot and cold fluid elements flow past
them: hence. the leading edge of any fluid element appears in the figure to the left
of the corresponding trailing edge. Each time axis corresponds to a geometric
distance which represents the product of the local flow velocity and the given time
interval: to represent these distances each time axis would need to be shown
substantially larger in the figure to be to scale with the probe spacings shown. The
amount of compression in this sense ranges from a factor of about 9 for probes near
the high-speed free-stream to roughly 4 for probes near the low-speed free stream.
Time traces corresponding to a 4% F, and 4% H, run (AT; =368 K) anda 6% F,
and 6% H, run (AT, = 554 K) are shown in figures 11(b) and 11(c). respectively.

[t can be observed in figure 11 (a-c) that there are large. hot structures. separated
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FIGURE 12. Mean temperature-rise profiles. ¢ = 1: O. 2%F,:2%H,. 8p/p, = 0.162: . 3%F,.

3%H,. Bp/p,=0208: A. +%F,:4%H,. Ap/p,=0280.+. 5%F,:3%H,. 8p/p=0286. O.
6%F,:6%H,. Ap/p, = 0.313. Profiles shifted to coincide with peak of 2%F,:2%H, case.

by cold tongues of cool free-stream fluid which penetrate deep into the layer. These
observations are consistent with the findings of Mungal & Dimotakis (1984). The
dynamics of the layer structures will be discussed in §7. The convection velocity and
mean structure spacing suggest that roughly seven large structures passed the
measuring station during the time interval represented by each time trace in those
figures. It should be noted that conduction error (Scadron & Warshawsky 1952:
Paranthoen. Lecordier & Petit 1982) prevented the probes near the centre of the
layver from indicating a zero temperature rise. which would correspond to the cool.
unreacted tongues of recently entrained fluid.

The average. over an entire run, of all time trace records results in the mean
temperature profile. Several profiles. normalized by the corresponding adiabatic
flame temperatures, are shown in figures 12, 13 and 4. Each of the figures presents
profiles at a given stoichiometric mixture ratio (¢ =1, 1 1). The transverse
coordinate. y/é,, indicates the distances from the splitter-plate tip normalized by the
corresponding value of &, for each run. with positive values toward the high-speed
side of the layer. This coordinate was employed to enable easy comparison between
profiles with different layer thicknesses. Following Mungal & Dimotakis (1984). an
empirical function of the form

AT _ . s .
— =explc,+ey+cyi+c i+ y)
AT,

was emploved to represent the local mean temperature rise profile. The coefficients
for the present investigation were determined by a nonlinear least-squares tit. and
the resulting function generally provided a good fit to the local mean temperature
rise data. In each of the figures 12. 13 and 14. the profiles representing runs with more
than 2% F, were shifted in y/4, to coincide with the peak of the 2% F, profiles to
aid comparison.
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FigURE 14. Mean temperature-rise profiles, ¢ = }: O. 2%F,:8%H,. Bp/p, = 0.214: O. 4+%F,:
16%H,. Bp/p, = 0.311: A, 6%F,:24 %H,, Ap/p, = 0.370. Proﬁles shxfbed to coincide with pes.k
of ’o/oF '8 /uH case.

An interesting result is that at a given stoichiometric mixture ratio the shape of
the mean temperature profiles. normalized by the adiabatic flame temperatures. did
not change greatly in spite of the large values of heat release. There appears to be no
qualitative change in the profiles at ¢ = 1 and ¢ = }. At ¢ = }. a slight reduction in
the protile height on the high-speed side can be observed.

Wallace (1981) and Mungal & Dimotakis (1984) observed that the mean
temperature at any point in the layer was substantially below the adiabatic flame
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FigURE 15. Temperature-rise profiles with maxima and minima. ¢ = 1: O. mean: {J. maximum
A. minimum. (a} 4%F,:4%H,. AT, = 368 K: (6) 6%F,:6%H,. AT, = 554+ K.

temperature. This was also observed in the present experiments at high heat release.
This suggests that the mean temperature profiles. as at low temperature. result
largely from a "duty-cycle’ phenomenon by which each probe spends a greater or
lesser portion of the run time immersed in hot structure fluid. depending on its
location in the layer, as proposed by Mungal & Dimotakis (1984). This is consistent
with the data shown in figure 11 (a—c). where fairly distinct large. hot regions of fluid
persist in the laver at elevated temperature. This gives a higher mean temperature
near the centre of the laver and a lower value out near the layer edges. Employing
an excess of high-speed reactant (i.e. ¢ < 1) results in a shift in the mean
temperature-rise profile toward the side containing the lean reactant. consistent with
the low-heat-release results of Wallace (1981) and Mungal & Dimotakis (1984).

Konrad (1976) and Koochesfahani & Dimotakis (1986) demonstrated that. in
shear flows with no heat release. the composition of the mixed fluid is fairly uniform
across the layer. This was also seen in the low-heat-release work of Mungal &
Dimotakis (1984) and appeared to persist. to some extent. in the present experiments.
The extent to which the temperature in the large structures was uniform can be
inferred by considering the maximum recorded temperatures at each point across the
laver. The mean profiles at two selected values of heat release for ¢ = 1. and also the
maximum and minimum temperatures recorded during the course of the entire run.
are shown in figure 15(a.b). A similar comparison for ¢ = 1 is made in figure 16(a.b).
In both figure sets. it can be seen that at lower temperatures the maximum tempera-
tures in the central portions of the layer are relatively uniform. suggesting a fairly
uniform temperature in the large structures. However. above about AT, x 500 K.
the maxima appear somewhat more peaked near the centre of the layer. sug-
gesting that at higher temperatures the core regions of the structures become
relativelv hotter than the structure edges. As in Mungal & Dimotakis (1984). none
of these data were compensated for conduction error (see §2.2). and one must assume
that the probes were incapable of resolving the highest instantaneous temperature
rise (near the adiabatic flame temperature rise). as well as the lowest instantaneous
temperature rise (near zero for coid free-stream fluid).

It is possibie to define a variety of parameters to quantify the trends in the amount
of heat released and product formed. In the following discussion. two different
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FisURE 16. Temperature-rise profiles with maxima and minima. ¢ =1: O. mean: (. maximum:
A. minimum. (a)2%F,:8%H,. AT, =302 K: (b) 4%F,: 16 %H,. AT, = 600 K.

parameters will be emploved for this purpose. The first. termed the " product fraction
thickness " in this work. is an integral measure which relates to the mole fraction of
" reactant converted to product in the mixing layver at a given downstream location.
The second parameter is an integral measure of the total amount of product in the
laver and will be referred to here as ‘product mass thickness .

“The fractional conversion to chemical product can be related. for conditions of
constant pressure. to the ratio of the enthalpy rise at a given measured temperature
to the corresponding enthalpy rise indicated by the adiabatic flame temperature.
Integration of the time-averaged value of this quantity across the width of the layer
allows definition of the normalized ' product fraction thickness’

de _ 1 (* BH(y)
&, &) AH(T))

In this definition each value of the product fraction thickness. dp. is normalized by
the corresponding local 1 % width. 8,. which varies. as the case may be. for each value
of heat release (as indicated in figure 3). In representing the mole fraction occupied
by chemical product. (29) serves as a measure of the efficiency of the mixing and
chemical reaction processes in the laver. Relating the enthalpy rise to the measured
temperature rise allows writing

Sp _ 1 (* AT(y)
8l—81 - ATf

dy. (29)

dy. (30)

This definition of normalized product fraction thickness was emploved by Dimotakis
(1987). and is identical to (29) in the case of low heat release where the mixture
specific heat can be regarded as constant. Equation (30) was used in this investigation
to calculate the values of normalized product fraction thickness. At the highest
temperatures of the present study. the actual enthalpv of the gas mixture at the
flame ternperature differs from the value calculated using a constant specific heat and
Hame temperature rise by up to 8 %. Since the average flow temperature at any given
location resuits from the passage of both hot and cold regions of gas. the actual error
in representing (29) by (30) is less.
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The product fraction thickness defined by (30) can be simply related to the
normalized ‘product thickness ' used by Mungal & Dimotakis (1984) to relate the
temperature rise to the amount of product

é < @
ks = _l. Mdy’ (31)

8  8J).x cndQ
where ('p is the molar specific heat capacity at constant pressure and AQ is the molar
heat release of the chemical reaction. If the specific heat is taken to be constant, and
neglecting any effects of differential diffusion of heat or reactant species. the
adiabatic flame temperature rise can be given as
1 ¢, AQ
T =— 2= 32
g é, (32)
This corresponds to the case where ¢ is varied by keeping c,, fixed and increasing
Coy- Inserting the adiabatic flame temperature rise into (30) and comparing with (31)
thus yields the relation dp = (1 +¢)dp..
An alternative definition for a product thickness based on the actual density of
product can be obtained by integrating the local product fraction multiplied by the
local fluid density, as follows

8, 1 J = AT(y) ply)
—_ = —L 2 dy. 33
4, 61).o ATy p y (33)

The thickness defined by this relation will be termed the normalized ‘ product mass
thickness'. The motivation for this alternative definition is to account for the
decrease in the concentration of product, as the density in the layer decreases. owing
to heat release. The earlier definition. the product fraction thickness defined in (30),
could tend to a finite value even in the limit of infinite temperature rise (zero density)
in the layer. The product mass thickness tends to the product fraction thickness in
the limit of a very small temperature rise (i.e. small density changes). Relating the
density to the local mean temperature gives

8. 1T, [ &T(y
& ~ &AT ) T+ (.’/)dy. B4
Relation (34) was used to compute the values of normalized product mass thickness.
Estimates of the product fraction thickness for this investigation are presented in
figure 17. Some of the low-heat-release results calculated from the data of Mungal &
Dimotakis (1984) and Wallace (1981) are included for comparison. For the present
investigation, some decrease in the product fraction thickness for all stoichiometric
mixture ratios with heat release can be inferred, amounting to a reduction of
approximately 18% for a mean density decrease of 24%. By contrast, the data
suggest an increase in product volume thickness with heat release between the low-
heat-release results in this work and the results reported by Mungal & Dimotakis
(1984) and Wallace (1981). The relatively complicated behaviour of the product
fraction thickness shown in figure 17 is the consequence of many competing physical
mechanisms, which may result in temperature-induced changes in the volumetric
entrainment ratio (see §5.3), the intermittency, and the probability density of the
mixed fluid. These issues are discussed in Hermanson (1985).
The results of the total product calculation suggested by the product mass fraction
(34) are shown in figure 18. It is seen that the total amount of product (analogous also
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{1981). Dashed line is répresentative fit to data for all ¢ at high heat reiease.

to the total amount of heat release) decreases substantially with increasing
temperature. This is partially due to the decrease in the product fraction in the
laver at higher temperatures discussed previously. but appears to be mostly a
consequence of the strong reduction owing to heat reiease in the entrainment of the
reactants into the layer. It is also seen in figure 18 that while there is a noticeable
dependence for the cases at low temperature rise on the amount of product with
stoichiometric mixture ratio at a fixed level of heat release (i.e. fixed Ap/p,). this
dependence appears to weaken considerably for higher values of heat release. In fact.
bevond roughly Ap/p, = 0.2. the product mass fraction data for all values of
stoichiometric mixture ratio can apparently be represented by a single curve.
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Ficrae 19 Spark schiieren photographs at low and high heat release. (a) 2%F,.2°%H,.
AT, = 186 K: (b) 6%F,: 16 %H,. AT, = 847 K.

The data in figure 18 may suggest a measure for determining some characteristic
value o "the heat-release parameter. Ap/p,. below which the effects of heat release can
be ignored. Wallace (1981) suggests AT,,,,/T, = 0.35 as the threshold of maximum
mean ‘emperature above which heat release ceases to be passive. as seen by a
deviatinn of the measured maximum mean temperature from that predicted using the
non-rea~ting probability density functions of Konrad (1976). The threshold value
suggest.d by Wallace corresponds to Ap/p, x 0.12. which is roughly consistent with
the spe-ulative breaks in the curves shown in figure 18. This characteristic value
could bLe defined as the break-point in each (constant-¢) curve. Assuming that the
curves n figure 18 tend to a constant value as Ap/p, tends to zero suggests a possible
means for extrapolating the product fraction thickness data. as presented in figure 17.
to lowe - values of heat release. It should be remarked that the physical significance
of the rwo product measure definitions used in this discussion cannot be regarded as
being tully established. and that furthermore the trends shown in figures 17 and
1% may be. to some extent. artifacts of the definitions themselves.

7. Large-scale structure dynamics

The investigations of Wallace (1981) and Mungal & Dimotakis (1984) showed that
the large-scale structures that characterize non-reacting shear lavers are also found
in reacting layvers at low heat release. Large-scale organization is also observable in
shear flows at high temperatures. as shown hyv the work of Ganji & Sawver (1950).
Pitz & Daily (1983). and Keller & Daily (1983). Large-scale structures were also
observed at all values of heat release in this investigation. Sample spark schlieren
photographs. corresponding to the lowest and to one of the highest levels of heat
release in this investigation. are presented in figure 19(a. b). The schlieren sensitivity
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was reduced for the high-heat-release case. figure 1? (b). from the low-h'eat-release run
shown in figure 19(a). making qualitative comparison of the fine details between the
two flows difficult : in both sample photographs, however. the large-scale structures -
can be clearly discerned. Ganji & Sawyer (1980) argued.that ?he schhergn visibility
of the structures suggests that the large structures retain their predominately two-
dimensional nature even as the heat release increases. ' .

In the present work. large-scale vortex sFatlstlcal mformatlon.was obtained over
the full range of heat release from motion picture data. The location of the apparent
centre of each identifiable vortex was digitized. The phenomenon of vortex
amalgamation occasionally made identification of individual vortices difficult: in
some frames it was difficult to pick out any large-scale structures. Ganji & Sawver
(1980) pointed out that heat release might render the boundary between two merging
structures invisible. while they might still be two separate fluid entities in the fluid-
mechanical sense. Nonetheless. a typical motion picture was digitized to provide.
tvpically. about 1600 points corresponding to individual vortex locations. Normally
about 1300 frames were digitized. corresponding to about 2.8 s of run time. during
which over 300 large-scale structures were convected through the test section and
field of view. Redigitization of several runs suggested that this technique produced
mean statistics accurate to about 5%. For cases with zero streamwise pressure
gradient. little variation was observed with downstream distance in the local mean
vortex spacing normalized by downstream distance and generally no significant
difference in vortex statistics upstream and downstream of the mixing transition
region.

Sample vortex-spacing histograms of four different runs. each with a different
amount of heat release. are presented in figure 20(a—). The histograms show the
relative frequency of each value of vortex spacing normalized by the value of the 1 %
temperature thickness of the layer. 4,. at the station halfway between the two
vortices in question. assuming linear layer growth. Increasing temperature appears
to have caused a decrease in the mean normalized vortex spacing. 1/6,. The
corresponding standard deviation of the histograms. o. also appears to have been
reduced with heat release. The solid lines in figure 20(a-d) represent the lognormal
distribution proposed by the statistical theory of vortex circulation formulated by
Bernal (1981):

P(A) = ——e [-L(mwxuf)z (35
M) = Zaiaa oXP T2 2/ ) ”)
Here A = [/4,. and the parameter & is related to the variance of the experimentally
determined distribution. o. by e
¢ = (—) (e~ =1). (36)
8
The values of ¢ for the theoretical distributions shown in figure 20(a—d) were
calculated using the [/8, and o indicated by the experimental data.

The pa ~meter ¢ in (35) was shown by Bernal to be related to the relative
frequencies of vortex pairing. tripling and tearing. Bernal found a value of ¢ = 0.23
in the unreacting layer and showed that this value implies that pairing is the
dominant vortex amalgamation mechanism. Increasing the relative frequency of
tripling would result in a larger value of ¢ increasing tearing. a smaller value. In the
present work. the values of ¢ calculated from the measured results were oserved to
lze nearly constant over the entire range of heat release. with a mean value of
7 = 0.25. The near-constancy of ¢ suggests that the relative frequencies of pairing.
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FiGURE 20. Vortex-spacing histograms. (a) 2%F,:2%H,. AT, =186 K. [/, = 1.69. o =0.43.
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AT, =534 K. /8, = 1.36. ¢ = 0.35. ¢ = 0.25: (d) 6%F,.12%H,. I/8, = 1.25. ¢ = 0.30. ¢ = 0.24.

o

tripling. and tearing are not affected by heat release. though an increase (or decrease)
of both tripling and tearing relative to pairing could also yield an unchanging value
of 7.

The decreasing trend in mean normalized vortex spacing, [/8,. with heat release is
shown in figure 21. The decrease was substantial. as large as 25 % for a mean density
reduction of 40 % in the layer. Because the vortex spacing decreased proportionally
faster with heat release than the layer thickness. one could argue that the mechanism
of vortex amalgamation was inhibited. to some extent. by heat release.

Schlieren flow visualization in the non-reacting case in this experiment was
accomplished by using nitrogen and a density-matched mixture of helium and argon
as free-stream fluids. The measured mean normalized vortex spacing is in fair
agreement with the corresponding results from Brown & Roshko (1974). Bernal
(1981). and Kkoochesfahani et al. (1979). which are included in figure 21 for
comparison.

The decrease in mean vortex spacing has implications for the volumetric
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~IGURE 21. Mean vortex spacing vs. heat release: O. present results: []. Brown & Roshko (1974):
A. Bernal (1981): «. Koochesfahani et al. (1979).

entrainment ratio into the layer. In Dimotakis (1986). the following expression is
proposed for estimating the entrainment ratio:

E, =.s*(1+£). (37)

x
This implies that the reduction in vortex spacing is accompanied by a reduction in
the volumetric entrainment ratio in favour of more entrained fluid from the low-
speed free stream. The observed decrease in mean vortex spacing indicates. using
(37). a decrease in entrainment ratio of roughly 4% over the range of heat release in
this investigation, which is within the range of entrainment ratio changes estimated
in §5.3.

The persistence of large-scale structures at elevated temperatures has an
interesting implication for the mean density in a layer with heat release. The mean
density reduction parameter. 8p/p,. is of course a function of the adiabatic flame
temperature rise, A7;. This dependence is shown for the present investigation in
figure 22. Some results calculated from the data of Mungal & Dimotakis (1984) and
Wallace (1981) are also included. The mean density changed rapidly (with adiabatic
flame temperature) at low heat release but less rapidly at high temperatures. These
data suggest that there may be a limiting value of Ap/p, at verv high flame
temperatures. and the present data suggest that the limiting value for a reacting
shear layer is substantially less than unity. A limiting value of the mean density
reduction might be expected if large-scale structures persist at all levels of heat
release. resulting in the flow consisting of alternating regions of hot. low-density
structure fluid and cold. high-density free-stream fluid. This would imply that even
in the extreme case of infinitely high temperatures. where the cores of the structures
would consist of fluid with essentially zero density. the regions of cold. unreacted
free-stream fluid between structures would resuit in a finite mean density and a value
of Ap/p, less than unity. .

The corresponding value of mean density reduction for the {, = 0 shear layer of
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Ganji & Sawver (1980) is 8p/p, = 0.65 for AT,/ T, = 4.5. It should be pointed out that
their {;, layver reattached and thus was characterized by the recirculation and
re-entrainment of hot products into the low-speed side. This caveat may explain the
difference between their results and the present data. On the other hand. their
(;/0; = 0 shear-laver data may not necessarily be directly comparable to the
(/U = 0.4 data presented here.

8. Results for non-zero streamwise pressure gradient

A pressure gradient in the present investigation was imposed by fixing the
sidewalls for the reacting flow in a position corresponding to zero pressure gradient
in the unreacting flow. This vielded a naturally induced favourable pressure gradient
in the case of flow with chemical reaction. the magnitude of which increased in
proportion to the level of heat release. The resuits with favourable pressure gradient.
combined with those at zero pressure gradient discussed earlier allow comparison of
flows with the same level of heat release but with different streamwise pressure
gradients. In the present study. favourable pressure gradient runs were made at
reactant concentrations of up to 6 % fluorine and 6 % hvdrogen. corresponding to an
adiabatic flame temperature rise of up to 554 K. The amount of heat release was
sufficient to induce a pressure decrease. Ap. over the distance from the splitter plate
tip to the measuring station. of about half of ip, (’}. the low-speed free-stream
dynamic head. This served to increase the high-speed velocity from the nominal
22 m/s to 23.1 m/s and the low-speed velocity from 8.8 m/s to 11.3 m/s in the
distance between the splitter tip and the measuring station. corresponding to a 22%
decrease in the speed ratio. (/L.

8.1 Shear-layer growth

For a given level of heat release. the thickness of the layver. at a fixed measuring
station. appeared to decrease for each favourable-pressure-gradient case. relative to
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the corresponding How with no streamwise pressure gradient. The tbinning caused by
pressure gradient is not surprising in an accelerating flow. In particular. the change
an be accounted for in terms of the change with downstream

in layer growth rate ¢ . ' ’
distance in speed ratio induced by the pressure gradient. as quantified in the

following discussion. -
For non-reacting shear layvers with equal free-stream densities. a commonly used

exsion for relating the growth rate to the speed ratio was given by Brown &

eNpr
qushk() (1974) (this is a special case of the more general form of (4). §3.1):
Ois =0 l—r. (38)
(x =) l+r

where 4., is the visual thickness of the layer. For the moderate values of the
streamwise pressure gradient in this investigation. it is interesting to take this
similarity relation as holding locallyt, i.e.

dé,
dr
where the parameter A4(q) is & growth-rate parameter. taken to depend only on the
amount of heat release. The speed ratio, r(z) = [y(x)/L (z), is a local function of the
downstream distance in the presence of a pressure gradient. Thus in this formation
the growth rate is expressed as a product of two factors. one that relates only to the
heat release. the other that depends on the magnitude of the pressure gradient.
Equation (39) is essentially a statement that the layer is in local equilibrium, that is.
that the speed ratio changes slowly compared with the rate at which the layer growth
adjusts to it. A changing speed ratio with downstream distance in (39) due to
pressure gradient thus indicates a nonlinear growth rate. It should be remarked that
the speed ratio appears to impact the mean vortex spacing normalized by the layer
thickness. as shown by the results of Browand & Troutt (1983). This effect is not
strong. however. and could be expected for the largest amount of pressure gradient
discussed here to result in a normalized vortex spacing change of about 1%. This
should be compared to the observed variation in layer thickness with pressure
gradient of up to 8%. The change in normalized vortex spacing is not directly
addressed by the present analysis.
Integration of (39) gives the layer growth as a function of downstream distance,

e
1—=r(x)
1+r(z)

1—=r(x)
1+r(x)

= A(§) (39)

T
4(x) = A(é)j (40)

0
From (40) the thickness of a layer with heat release but at zero pressure gradient,
O, (x). i
lo(r) 18 s (x)=A(‘)l—r°I 4
1y 7 L+r,™" (41)
where r(x) = r, = constant in the absence of a pressure gradient. Consideration of
two layers at the same level of heat release (i.e. same value of A(¢)) but with and
without pressure gradient allows normalization of (40) by (41) to give

) 114 -
() 1 rOJ' 1 r(ar)d 42,

8,(2)  xl=ry),1+r(2)

* Suggested by M. M. Koochesfahani in private discussions.
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% F,/% H, AT, (K) Ap/py g(ton/cm) x{g) (em~') & (cm)
2/2 186.3 0.153 x 0 = 0 713
2/2 186.3 0.156 -0.0022 -0.0027 7.00
4/4 368.2 0.260 = 0 x 0 7.04
+/4 368.2 0.257 —0.0032 -0.0053 6.49
6/6 533.8 0.313 =z 0 =z 0 6.72
6/6 553.8 0.312 —0.0042 -0.0080 6.45

TaBLE 2. Representative pairs of runs without and with streamwise pressure gradient. dp/dz =
pressure gradient : x(§} = pressure gradient parameter (see text}: §, = layer thickness at measuring
station based on 1% points of mean temperature rise profile. Flows at nominally zero pressure
gradient have values of «{(¢) < +0.0003 cm™!.

The lower limit of integration in (40) and (42) is taken as z = 0: this analysis thus
does not explicitly consider the effects of a virtual origin, z,. By neglecting the virtual
origin. it is essentially assumed that both the layer with a pressure gradient and the
corresponding layer at zero pressure gradient attain the growth rate suggested by
(39) in a downstream distance that is small compared with the distance from the
splitter tip to the measuring station. In §5.1 the virtual origin for the zero-pressure-
gradient case was seen to be typically about 7% of the total distance to the
measuring station. It should be noted that the layer in this investigation was not self-
similar in the presence of a streamwise pressure gradient. This conclusion follows
from the work of Rebollo (1973). who showed that. in order to have similarity, the
layer growth must be linear and the free-stream dynamic heads must be matched.
Neither condition was met in the present work.

The free-stream velocities can be determined from the corresponding Bernoulli
equations. assuming that the streamwise pressure gradient dp/dx does not depend on
downstream distance for the particular flow in question. The results are

, . 2 [dp
2 = e _ 2 |2E
Uix) =03, o [dIJI (43a)
. . 2][d
and Uia) =L g,-;z[d—z]x. (43b)

where [, and [, are the high-speed and low-speed free-stream velocities,
respectively. at some reference point. e.g. at the start of the test section (x = 0). The
values of dp/dx and the observed layer thickness at the measuring station are given
in table 2 for several values of heat release.

The speed ratio as a function of downstream distance can be expressed by
combining (43a) and (43b). The result is

1=2«(g)zr T
=y | 1ok [ 44
i) ro'l—2x(q')r§sz] (44)
.. _dp/dx
where x(q) = -
! P2 U5

is introduced here as the pressure gradient parameter. which has units ot inverse
length. and r, = [,/(;, is the initial velocity ratio (at x = 0). For the fixed geometry
in this work. x(¢) depends directly on the level of heat release emploved. The product
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FicURE 23. Normalized layer thickness with streamwise pressure gradient: . theory: (.
experiment. 4, is layer width at given level of heat release with no pressure gradient.
L] hd X

x(g) r is dimensionless and can be thought of as characterizing the cumulative effect
of the pressure gradient over the length r. A non-dimensional parameter similar to
e R

~ pyjuidz’
was presented by Stirner & Bilger (1980) as a means of parameterizing reacting jet
flows with streamwise pressure gradient. Here d, is the jet diameter. p, and u, the jet
fluid density and velocity, respectively.

The effect of a favourable pressure gradient is seen from (44) to increase the speed
ratio {i.e. drive it toward unity): and to decrease it (drive it toward zero) for an
adverse pressure gradient. The speed ratio is affected less by a favourable pressure
gradient than by an adverse one of similar magnitude.

The trend in layer thinning over the full range of heat release and pressure gradient
of this investigation is shown in figure 23, where the normalized layer thickness
(8,/8,,) at the measuring station is given against Ap/p,. The curve shown results from
(42) and (44). In this calculation the values of dp/dx versus Ap/p, were determined
by a linear least-squares fit to the experimental data. The fit was on average accurate
to about 6%. Values of r, = 0.38 and s = 1 were representative of the cases at zero
pressure gradient considered here and were emploved in the calculation.

Figure 23 thus indicates how the layer thickness for a given amount of heat release
with the pressure gradient induced by the fixed wall locations of this experiment
compares with the corresponding layver with zero streamwise pressure gradient. The
experimental results are seen to be consistent with the predicted trend. The above
analysis appears to adequately represent the layer growth and the changes in the
free-stream conditions for the values of heat release and pressure gradient in this
investigation. It is not clear whether these arguments will continue to be valid for
larger values of favourable pressure gradient and higher flow temperatures. or for
adverse pressure gradients.

The mean velocity profiles at the measuring station. other than showing a change
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Ficere 24. Mean velocity profile comparison. 6 %F,:6%H,. AT, = 554 K. O. «(§) = 0.
8,/(xr—1xy) = 0.072: O. x(g) = —0.0080/cm. 8,/(x—1x4) = 0.068.

in maximum slope corresponding to a change in laver thickness. did riot exhibit any
significant differences in shape between the corresponding cases with and without
pressure gradient. The normalized velocity profile for the maximum amount of
pressure gradient in this invest‘zation is compared with the corresponding profile at
zero pressure gradient in figur 4.

8.2. Temperature rise and amount of product formation

[t could be argued that. in reacting flows with substantial density variations and
appreciable pressure gradients. an additional mixing mechanism might be operative.
resulting from a possible relative acceleration between light fluid elements and heavy
luid elements. This mechanism is referred to as ‘ pressure gradient diffusion ' by Bray
& Libby (1981) and by Spalding (1986). The efficacy of such a mechanism would of
course depend on the scales at which the density variations would occur and their
relation to the viscous small scales of the flow. If the hot/cold fluid elements are very
closelv interlaced. viscous effects might not permit substantial relative motions to be
established and little or no augmentation of the mixing would result.

The results of this experiment indicate little change in either the peak temperature
or the amount of product formation as a result of the favourable pressure gradient.
This i1s seen in figure 25. where three of the resulting mean temperature profiles. at
the highest heat release and largest value of prescure gradient attained in this
investigation. are compared. The profiles for x(§) < 0 were shifted as in figure 12 to
ail comparison. These results indicate a maximum possible augmentation in
product as indicated by the product volume fraction defined in §6. of about 8 %. The
rases with pressure gradient were seen to be. for all values of heat release. on average
less than 3% higher in product thickness than the corresponding flows without
pressure gradient. Bearing in mind that the estimated accuracy of the experimental
rexults s 3-5%. these data also admit the possibility that the effect may be
considerably smaller.

A small increase in product can be accounted for by the change in Reynolds
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FioURE 25. Pressure gradient effect on mean temperature profile. 6 %F,:6%H,. AT, = 554 K.
O.«(d) x0: 0. x(g) = —0.0087 n: A, x(d) =—~0.0088/cm. Profiles shifted to coincide with peak
of x(g) = O case.
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FiGURE 28. Reynolds-number effect on product volume thickness: (7. Mungal et al. (1985) ¢ = &,
AT, = 186 K. A. present results. ¢ = 1. AT, = 368 K.

number of the flow caused by pressure gradient. The local value of Reynolds number.
Re, = AUS,/v. at a given downstream location. decreases with a favourable pressure
gradient. This is because &, decreases and. in addition. AL’ decreases owing to free-
stream acceleration. The result is a modest decrease in Revnolds number. The
nominal Reynolds number at the measuring station of Re, = 6.4 x 10* decreased to

as little as Re, = 5.2 x 10%, for the runs with the largest heat release and pressure
gradient.

ve

*" w the amount of product in the laver depends on the Reyvnolds number was
in  stigated at low heat release by Mungal et al. (1985). That work suggested an
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increase in product formation amounting to roughly 20% per factor of 10 decrease
in Revnolds number. How that trend might change with heat release was investigated
by running 4+% fluorine and 4% hydrogen (AT; = 368 K) at elevated free-stream
speeds. {; =+ m/s. [, = 17.6 m/s. The results of these runs. along with those of
Mungal et al. are shown in figure 26. The trend of product decrease with Reynolds
number at low heat release appears to persist at higher values of heat release.

The data in figure 26 suggest. for the present investigation. that the naturally
induced pressure gradient could be expected to result in an increase in product
formation of up to approximately 5% at the highest temperature and pressure
gradient of this investigation. That this result already accounts for most of the small
observed increase in product formation suggests that ' pressure gradient diffusion .
at least for the values of temperature and pressure gradient reported here. does not
play a significant role in enhancing the mixing and combustion in a reacting shear
layer.

9. Conclusion

The hydrogen-fluorine chemical reaction was used to study the effects of large heat
release in a planar. turbulent shear layer at high Reynolds number. A range of
reactant concentrations was employed to produce adiabatic flame temperature rises
from 186 K up to 940 K. resulting in a maximum mean density reduction in the layve
of up to 60%. ) :

The growth rate of the shear layer, in spite of large heat release and large density
changes. did not increase and instead appeared to show a slight decrease. even as the
displacement thickness of the laver increased substantially with heat release. The
decrease in growth rate. at zero streamwise pressure gradient, was observed to be up
to 15 % for a mean density reduction in the layer of 40 %. Accordingly the volumetric
entrainment of free-stream fluids into the layer was substantially reduced by heat
release. The observed reduction in entrainment appears to more than offset the
additional displacement of the layer owing to heat release. Ex post facto arguments
suggest that a large decrease in turbulent momentum transport. as represented by
the turbulent shear stress in the layer, accompanies increasing flow temperatures.
This decrease in shear stress can be accounted for by the change in density in the core
regions of the large-scale structures, and is shown to be consistent with the reduced
layer growth.

The mean temperature-rise profiles, normalized by the adiabatic flame tem-
perature. did not change significantly in shape over the entire range of heat release
investigated. A slight decrease in normalized mean temperature was observed. which
indicates that the relative efficiency with which the layer generates chemical product
decreases slightly with increasing heat release. This further suggests that the
probability density function of the mixed-fluid concentration is altered. to some
extent. by heat release.

Large-~~ale stru-tures persisted in the shear layer at all levels of heat release. The
mean structure spacing. normalized by the layer width. decreased with increasing
heat release. This suggests that the mechanisms of large-structure coalescence are. to
some extent. inhibited by heat release.

The imposition of a favourable pressure gradient resuited in additional laver
thinning at all levels of heat release. This change in growth rate can be related to the
change in free-stream speed ratio induced by the favourable pressure gradient. The
pressure gradient had little effect on the amount of mixing and chemical product
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formation in the laver. The slight measured increase in product appears to be largely
accounted for by the decrease in the local Reynolds number resul.tmg from the
acceleration of the free-streams and the layer thinning. The increase in the amount
of product with decreasing Reynolds number is in accord with earlier resuits

obtained at |ow heat release.
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Abstract

The linear spatial instability of inviscid compressible laminar mixing of two parallel
streams, comprised of the same gas, has been investigated with respect to two-dimensional
wave disturbances. The effects of the velocity ratio, temperature ratio, and the temperature
profile across the shear layer have been examined. A nearly universal dependence of the
normalized maximum amplification rate on the convective Mach number is found, with the
normalized maximum amplification rate decreasing significantly with increasing convective -
Mach number in the subsonic region. These results are in accord with those of recent
growth rate experiments in compressible turbulent free shear layers and other similar recent

calculations.

Introduction

The instability of inviscid, laminar, two-dimensional shear layers in both incompressible

and compressible flow has been studied in the past.

For incompressible parallel flow, the linear spatial instability of the hyperbolic tangent

and Blasius mi.ing layers was investigated for different values of the ratio between the
difference and sum of the velocities of the two co-flowing streams by Monkewitz & Huerre!.
They found that the maximum growth rate is approximately proportional to the velocity

ratio.

* Graduate student, Aeronautics.

®* Professor, Aeronautics.

t Professor, Aeronautics & Applied Physics. Member AJAA.

1




2

For compressible flow, the instability of the free mixing layers with respect to two
and three dimensional temporally growing disturbances was considered by Lessen, Fox &
Zien2? for both subsonic and supersonic disturbances. Under the assumption that the flow
was iso-energetic, they found that the flow is unstable with respect to supersonic distur-
bances, although the amplification rate is smaller than that for subsonic disturbances and
that the increasing of the angle between the disturbance wave number vector and the prin-
ciple flow direction tends to increase the instability. With spatially growing disturbances,
Gropengiesser* studied this instability problem using Crocco-Busemann relation as the
mean temperature profilesof the flows. He carried out the inviscid instability calculations
at various free stream Mach numbers and temperature ratios. In order to simplify the sta-
bility problem, which were considered by Lessen et al., Blumen, Drazin & Billings® studied
this problem by assuming that the thermodynamic state of a compressible inviscid free mix-
ing layer is constant. They showed that there is instability of two-dimensional disturbances
at all values of the Mach number and that there exists a second unstable supersonic mode.
For compressible flow, however, the effects of shear layer Mach number, temperature ratio,
velocity ratio, and temperature profile on the stability characteristics are very complicated.
These authors offer no prediction about what the combined influences of these low param-
eters will be. Recently, Ragab & Wu® studied the influence of the velocity ratio on the
stability characteristics of the compressible shear layer, and they also investigated the effect
of the convective Mach number, as proposed by Papamoschou & Roshko’. Their results
indicate the convective Mach number is a parameter which correlates the compressibility

effects on the spreading rate of mixing layers.

Papamoschou & Roshko performed experiments on compressible shear layers and sug-
gested the convective Mach number (M,) as the appropriate parameter scaling the effects
of compressibility. This is defined for each stream as:

My=——, Mo =——, (1)

where U;, U; and a;, a; are the free stream velocities and speeds of sound. The quantity
U. is the convective velocity of the large scale structures and was estimated as U. by
Papamoschou & Roshko assuming that the dynamic pressure match at stagnation points
in the flow (Coles®, Dimotakis®). For compressible isentropic flow, i.e. (Papamoschou &
Roshko)




71“1'2#-1'__ 72‘1-21_;%-'1’
(1 + 5 Ma ) = (1 + 5 M ) ' (2)
where 71, 42 are the ratios of the specific heats of the two streams, and
-~ - Ul - 0¢ -~ - ﬁc - U2
Mcl = a; ’ Mc2 = a2 . (3)
For v, equals 7, U. can be obtained by
(-]c - aUy + a0 4)

a) + a2

which, for equal static free stream pressures and specific heats, reduces to the incompressible
expression?. They suggested that the growth rate of a compressible shear layer, normalized
by the growth rate for an incompressible shear layer, might be expressible as a universal
function of the convective Mach number flcl, which is valid over a wide range of velocity
and temperature ratios of a shear layer. They also found that the normalized growth rate

decreases significantly with increasing M,;.

Jackson & Grosch!® presented their results of a study of the inviscid spatial stability
of a parallel compressible mixing layer with one stream moving and the other stream sta-
tionary. It is shown that if the Mach number of the moving stream exceeds a critical value,
there are always t /0 groups of unstable waves. One of these groups is fast with phase
velocity greater than 1/2, and the other is slow with phase velocity less than 1/2.

The numerical calculations described here were performed under the assumptions of
linear instability theory. The convective velocity is estimated as the phase velocity of
the disturbances, i.e. U, = C, (Mack!! considered U, = C, for neutral disturbances).
Therefore, a convective Mach number (Mc) for each stream can be written as:

. Uv,-C . C, - U
M.:xz=—-rz , M¢22='-'Laz—2 , (5)

where Cy is chosen to be the phase velocity of the most unstable eigenvalue. We think the
definition given by Eq. (5) is more appropriate since the phase velocity of the disturbances

is available from our computations.
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The purpose of the present studies is to investigate the combined influence of the
convective Mach number (M,), which is different from the one used by Ragab & Wu 'T),
the velocity and temperature ratios, and the temperature profiles of the flow on the linear
stability behavior of compressible shear layers. Studies are made of the case of inviscid
flow under the assumptions that the gases in the two streams are the same, the main
flow can be treated parallel, and that the disturbances in the flow are of small amplitude.
The range of the unstable frequencies and wave numbers were numerically calculated for a

two-dimensional, spatially growing disturbance.

Basic disturbance equations

We consider a two-dimensional flow of two parallel streams. With upper stream quaa-
tities as the reference and the local layer thickness § as the length scale, the dimensionless

quantities of the flow in Cartesian co-ordinates can be written as usual
ur=U+v, uyy=v, T=T+T,
p=p+r,p=p+7,
or, for the general field quantity
Q(z,y,t) = Q(¥) + Q'(z.%,2),
where Q is a profile of the main flow, and Q' is the corresponding disturbance amplitude.

Consider now the disturbance to be a wave propagating in the x-direction. The dis-
turbance quantities in dimensionless form can be expressed a:?

{u,9, 7,0, 9"} = {£(v), ad(y),8(), (¥), x(v)} explia(z - ct)] , (6)

where a is a complex wave number, and ¢ is a complex wave velocity. In the case of
negligible viscons effects, the linearized disturbance equations for a 2-D compressible fluid

with the same gas constants and specific heats are given by?:

Continuity:
(O ~c)r+pd'+if)+5¢ =0 (7a)
Momentum:

TMPB(D ~ e)f + 0'9] = —in (76)

4




MP?pli(U - ¢)¢] = —=' (7c)
Energy:
pli(U =)0 + T'¢) = —(y - 1)(¢' +if) (7d)
State: . . o
5°5 T (7e)

where M, is the upper stream Mach number and primes here correspond to d/dy. These

equations can be reduced to the second order differential equation for the pressure disturbance?,

i.e.

i i 2

Asymptotic Behavior of the Eigenfunctions

The asymptotic behavior of the eigenfunction x(y) for y — o0 is found from Equation

(8). With y — +oo, [ and T are constants, and U’, T are zeros. In that limit, Equation
(8) becomes

-2 =0, (9)

with
[l—q'—Uk—C)]:Ak=Akr+iAh'9 (10)

and k = 1, 2. Therefore, from (10) we get

Ak = Apr + 1A = ﬂ:Akllz

and the solution for large |y| can be written as

* = Agezp(~Aclyl) , (11)

where A, is a complex constant.
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Since we have only considered the case of amplified disturbances (a; < 0), the boundary
conditions for both supersonic and subsonic disturbances can be expressed by =.(y —
+00) — 0 and 7;(y — +oo) — 0. In order to satisfy the boundary conditions, we set
Agr > 0, and get

y=y — +00, T = Arezp(—A1y) (12¢)

y=y — —00, x = Azezp(Ay) , (12b)

where

1/2 1/2
Ak = Ak + ik = [%(IAkI + Ak,-)] + i-sig"{Au}[%(lAkl - Akr)]

Formulation of the Eigenvalue problem

The eigenvalue problem is defined as follows. For a given real disturbance frequency
B (8 = ac), the eigenvalues a, and a; are to be determined in such a way that the
eigenfuctions 7.(y) and =;(y) satisfy the boundary conditions. Specifically, we used a
Runge-Kutta method to solve the eigenvalue equation, with (12a) and (12b) as boundary
conditions. The equation was integrated from one side of the boundary (y = y,;) to the
other side (y = y;3). The correct a was obtained for a given 3 by matching to the boundary

conditions.

Velocity and Temperature Distributions

Lock’s'? numerical calculation of the velocity distribution for a compressible laminar
boundary layer was approximated by Gropengiesser using a generalized hyperbolic tangent
profile with three free constants. To simplify the problem, we assume that the dimensionless
mean velocity profile is described by a hyperbolic tangent profile represented by the form

U(y) = n(y) + Urll - n(¥)] , (13)

where Ur = U, /U, is the velocity ratio across the shear layer, and 2n(y)—1 is approximated
by a hype olic tangent. See mean velocity profiles U(y) in Fig. 1.

We note that the linearized flow equations do not prescribe the mean temperature
profile. Accordingly, two different kinds of temperature profiles have been considered. One

13,14

conforms to the Crocco-Busemann relation, wherein the total temperature profile T(y)

for an equal ratio of the specific heats of the two free streams is represented by

Ti(y) = Tan(y) + Tu(l - n(y)] , (14)

6
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where Ty, Ty are the free stream total temperatures. This yields the dimensionless mean
static temperature profile,

_ . y=1)M?

T(y) = o1 + eall(y) - T DM ), (15)
where M, is the upper stream Mach number and ¢;, ¢; are constants which satisfy the
boundary conditions on the temperature profile. Such mean temperature profiles T(y)
for M; = 5 are shown on Fig. 2. The other kind of dimensionless temperature profile is

obtained by assuming that the dimensionless density distribution across the shear layer can

also be approximated by a hyperbolic tangent profile, i.e.

A(y) = n(y) + pr[1 - n(y)]., (16)

whese pr = p2/p1 is the density ratio across the shear layer. Therefore, for a shear layer
comprised of the same gas, the dimensionless temperature profile is T(y) = 1/5(y). See
Fig. 3.

Results

For a given combination of free stream Mach number M), temperature ratio Tr (T2/Th)
and velocity ratio Ug, the linear instability characteristics were calculated, yielding the most
unstable eigenvalue (@, = Qmr+iam;) and its corresponding real frequency Sm. The phase
velocity Cp, of the disturbances was obtained as Bm/am,. This yields the convective Mach
number M., and M,; from Eq.(5).

For a free mixing layer with subsonic disturbances, there is only one unstable mode
propagating with the phase velocity C, approximately equals to U., which is constant for
given Up and Tg. As the Mach number of the stream M, approaches or exceeds a critical
value, there are always two unstable modes. The one is with the phase velocity C}, less than
U. and the other is with the phase velocity greater than U.. These two unstable modes are
called supersonic mode 1 and mode 2 respectively. If we increase the Mach number M;,

the phase velocities of the two modes will further increase or decreasc (see Fig. 4).

Different combinations of velocity and temperature ratios using a velocity and temper-
ature profile from Eqs.(13) and (15) were investigated for a convective Mach number M.,
from 0 to about 1.5. The velocity profiles for Ug = 0.25, 0.5, 0.75 appear in Fig. 1 and the

temperature profiles for Tgp = 0.5, 1.0, 1.5 in Fig. 2. In the region of supersonic convective

7
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Mach numbers, the modes with C, less than U. are more unstable than the modes with Cp
greater than U, in the most cases of the velocity and temperature profiles given by Figs. 1
and 2. Therefore, we only considered the mode with Cp, less than U. for supersonic convec-
tive Mach number. Results shown in Figs. 5 — 10, which were obtained from nine different
combinations of Tr and Ug, indicate that if the most unstable eigenvalue for a compressible
shear layer is normalized by its value corresponding to an incompressible shear layer(at the
same velocity and temperature ratio), the ratio is well approximated as a function of the

convective Mach number only, i.e.

§:(Mo1) _  maz{-ai(Uz/Us, Th/Ty, Mar) }
6:(0) ~ maz{~ai(Uz/U1,T2/Th, My = 0)}

~ F(Ma), (17)

where é, = d6/dz for the shear layer of the particular free stream conditions and § is the
local layer thickness. The solid line estimate of §.(M,; )/6:(0) in Figs. 5 — 10 was computed
by using all the data of the nine different cases, and least squares fitting the normalized
maximum amplification rate versus the convective Mach number M_,, for the range of My

from 0 to about 1.5 with a function of the form

(Ma) + po(e= PP 4o M 4p M) _ ) (18)
62(0)
where
po = 0.928286 p2 = 1.78285

ps = —2.16428 Pe = 2.68579.

Note that 6.(M.y — 00)/6:(0) = 1 - po, and that the coefficient p, is related to the second
derivative at M., = 0, etc. Note also that these results suggest that F(Mc1 =0)=0, as
might have been argued a priori. The results, shown in Figs. 5§ ~ 10, also suggest that the
normalized maximum amplification rate decreases significantly with increasing A?cl for the
subsonic convective Mach numbers. In the region M., > 1.5, this normalized amplification

rate decreases continuously untill zero as the convective Mach number is increseased.

8
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In the second set of calculations, the mean temperature profile was specified via
Eq.(16), i.e. T(y) = 1/5(y).- The resulting temperature profiles for Tp = 0.67, 1, and
2 are plotted in Fig. 3. The velocity ratio Ur = 0.5 with each of these three temperature
ratios was studied for the convective Mach number M., from 0 to about 1.5. The results,
shown in Fig. 11, substantiate the convective Mach number as the relevant compress-
ibility parameter and also display good agreement with the plot 6.(Mc;)/6:(0) vs. M.,
obtained from Eq.(18), even though these two mean temperature profiles are very different

at supersonic convective Mach numbers (see Figs. 2, 3).

With U, calculated from Eq.(4) and C, obtained from the numerical calculations un-
der the linear theory, M., does not necessarily equal M. . In fact, the phase velocity Cp
approximately equals to U, for subsonic convective Mach numbers; but because of the exis-
tence of second unstable modes for supersonic convective Mach numbers!?, C, is not unique
and can not be estimated by U.. Blumen, Drazin & Billings® have noted this behavior for
a shear layer of an inviscid fluid with two-dimensional temporally disturbances®. We can
see that, for both temperature profiles ( Eq.(15) and Eq.(16) with T(y) = 1/5(y)), there
are very small differences between M. and M., from the plot of (Mcl - A'lcl)/ Mo vs. Ma
. for M. < 1, but the differences only become substantial when Mq > 1. See Figs. 12, 13.
We only studied the cases for M,; < 1.5, since shock waves can exist in a shear layer at
high convective Mach numbers and therefore, the validity of a linear description of these

phenomena would be suspect.

A comparison of our estimate of §;(M.;)/6:(0) with Ragab’s numerical data and with
Papamoschou’s experimental data is made in Fig. 14. The data from our calculations are
very close to Ragab & Wu’s. The difference between M. and M., though not small in
the region M., > 1, does not affect the results, since the normalized amplification rates
are very small in this region. According to Papamoschou & Roshko’s experimental data,
the growth rate of the shear layer tapers off as the convective Mach number becomes
supersonic. As opposed to their findings, however, the growth rate of our calculations
decreases to zero as M.; > 1. Preliminary calculations suggest that a larger value for the
growth rate at large M., is exhibited by more complex velocity and/or density profiles.
Also, Sandham & Reynolds!® showed that a large value of the growth rate can be obtained

for three-dimensional wave disturbances at convective Mach numbers above 0.6.
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Conclusion

The influences of the convective Mach number, the velocity and temperature ratios
and the temperature profiles of the flow on the linear spatial instability characteristics of
a plane shear layer, formed by the same gas, were investigated. It was found that there
is a nearly universal dependence of the normalized maximum amplification rate on the
convective Mach number, and this amplification rate decreases significantly with increasing
M, in the region of Mq <1

Acknowledgement

We would like to thank Dr. Dimitri Papamoschou, Mr. Paul Miller and Mr. CIiff
Frieler for their helpful discussions and assistance. This work was supported by the Air
Force Office of Scientific Research Grants No. 83-0213 and 88-0155.

References

1. MONKEWITZ, P. A. and HUERRE, P. [1982] “Influence of the Velocity Ratio on the
Spatial Instability of Mixing Layers”, Phys. Fluids. 25(7), 1137-1143.

2. LESSEN, M., FOX, J. A. and ZIEN, H. M. [1965] “On the Inviscid Stability of the
Laminar Mixing of Two Parallel Streams of a Compressible Fluid”, J. Fluid Mech. 23,
355-367.

3. LESSEN, M., FOX, J. A. and ZIEN, H. M. [1965] “Stability of the Laminar Mixing of
Two Parallel Streams with respect to Supersonic Disturbances”, J. Fluid Mech. 25,
737-742.

4. GROPENGIESSER, H. {1970] “Study of the Stability of the Boundary Layers in Com-
pressible Fluids”, NASA TT-F-12, 786.

5. BLUMEN, W., DRAZIN, P. G. and BILLINGS, D. F. [1975] “Shear Layer Instability
of an Inviscid Compressible Fluid”, J. Fluid Mech. 71, 305-316.

6. RAGAB, SAAD A. and WU, J. L. [1988] “Instabilities in the Free Shear Layer Formed
by Two Supersonic Streams™, AIAA Paper No. 88-0038.

10




10.

11.

12.

13.

14.

13.

11

. PAPAMOSCHOU, D. and ROSHKO, A. [1986] “Observations of Supersonic Free Shear

Layers”, AIAA Paper No. 86-0162.

COLES, D. [1981] “Prospects for Useful Research on Coherent Structure in turbulent
shear flow”, Proc. Indian Acad. Sci. 4(2), 111-127.

DIMOTAKIS, P. E. [1986] “Two-Dimensional Shear-Layer Entrainment”, AIAA J.
24(11), 1791-1796.

JACKSON, T. L. and GROSCH, C. E. [1988] “Spatial Stability of a Compressible
Mixing Layer”, ICASE REPORT NO. 88-33.

MACK, L. M. [1975] “Linear Stability and the Problem of Supersonic Boundary-Layer
Transition”, AIAA J. 13, 278-289.

LOCK, R. C. [1935] “The Velocity Distribution in the Laminar Boundary Layer Be-
tween Parallel Streams”, Quart. J. Mech. Appl. Math. 4, 42-63.

CROCCO, L. [1932] “Sulla trasmissione del calore da una lamina piana a un fluido
scorrente ad alta velocita”, L' Aerotecnica 12, 181-197.

BUSEMANN, A. [1935] “Gasstromung mit Laminarer Grenzschicht Entlang einer
Platte”, ZAMM 18, 23-25. )

SANDHAM, N. and REYNOLDS, W. {1989] “The Compressible Mixing Layer: Linear
Theory and Direct Simulation™, AIAA paper No. 89-0371.

11




19/t
nln
onel A1120[9A a1 jo sanpea 143s3JJ1p Joj sojyord Kydopa ueaw Juafuey amoqaadA 1 ‘914

(A)n

0
-
O
-
0
o

T e o ]

)
'
i
!
i
'
i
!
i
!

sz o=*n/en ——emmmee
S 0="N/°N -——memmeee
sz o=*n/en

. S




‘0'S = YN pue g9 = ')/ 3sed ayy 10§ L[ /%] ones

aimjesadway 211 Jo sanpea AP 10} sayold ainjesadway uesw uuewWISNE-03301) T "D

(A)L
c T o
| | S-
. |
! |
! }
_ “
i
! !
J
/
4
/
{
\
5 Ny | o
R T N L) —
o'g=tnW o°"1=t1/%1 o
s 0o=*n/°n g o0=Y1/21
S




*11/ 2 onvel ainyesad
-Wdy Ay jo sanjea JuIAYYp J0j sajyord armeiadwiay ueaws (A) [ waduey ajoqiadLyf ¢ ‘D14

(AL
s e 0°2 St 0°'1 G- 0

| v T ml
!

|

|

|

!

i

!

\

’-

\
/.I
. '.,’.’I.’ - o
,./
0'2=%1/2%] e
0 t=t1/%1 - -
/9°0=Y1,2)

1 ] 1




"W Iequinu YRy wieans 231) ayy sA °() pue ) uaamiaq DUIIYIP AL b "OI4

aQ
aQ
Q

v 2 9pow otruosdJadns
T epow o2tuosuedns

v apow D2TUOSANS

v o't=t1/21'g2 ' 0=*n/%N

o

fa.l

90"

ct’




P sa el uonyedyijdure winwixeuwr pazieuwoN ¢ ‘HIJ

1O

X

0

o

O=T3W(To—)yxew/(Fro~)xew




! . A LI

"y sa ayel vonedyydure winwixew pazijeutioN 9 ‘9l 4

S'1 (O ¢ S’ 0

10
O=TOW(To-)xew/( Fro-)xew

8-
(@)
-l




P sA ayes vonesyydwe wnwixeur pazifewioy 2 ‘O

‘o=t1,/2) O
c/'0=*n/en

0

0

&

O=T3k(Tro-)xew/(Ftro-)xew




.~ f 4 ixetu .
..- (444 —wu
- oﬁ.—; 4 —‘. —v’— w "V— ‘

0

lll’

O-
TOWNW
Wet
0—
) xXew/
(*o
—-) xew




gy sa 9yes wonedyljdwe winwrxew pazipewioN ¢ "HIJ

. ﬁo_o_

0
O=TOW(Tro~)xew/(¥o-)xew

B
o
-




‘Ppy sa ayes voneoyidire wnunxew pazifeuttoN Of “D14

TO

>3

0
O=T3¢( Fo~)xew/( Fro-)xaw

B—
o
-t




(YWw)d Ym vosueduwod sajyosd asnjesad
U2} ueald :_ww__d.. u:c.—._o.:.: 10} _u&Q SA 97el ..o_..ﬁ.u_:_a:_ﬂ wnwew pazieuiioN 11 ‘9jd

0
O=TO( To~)xew/( Fro-)xew




"y sA Py pue Iy udamiaq 3dualaj)ip pazijeuitoN g1 Ol

1oy
Z 1 o
r sz’
c 1=Y1/%1 v
o 1=%1/°1 o
g o=t1/21 W
s o=*n/°n
"
0
mw
] OQ
o)
q _1

=T A




‘sajyosd arnyesadwn

weaur yadwel dnjoqradyf 10) Ppy sa 12py pue Py wsamiaq aduazayip pazirewsoN €1 "HI4

111
v
Z 4 0]
. gz -
o'z2=%1,/%1 v
o 1=t1,2) o)
19°'0=Y),/2 0 N
G o=*n/2n >
"
D v <)
a—od 0 )
[y
v 7 N
QQ owv
. Do -
Oo
O v
[ 1 mNo




"eiep [ejuawiiadxa s ooy 23 nowyosowed

®J M pue eiep redusawnd SN 7§ qedey yum (Pw)4q jo wosuredwmodr v p1 "DIJ

ejep (ejuswtdedxd
ejep s,NM 9 qebey
(O

(0)*9/(*2nW)*e




Appendix D

MILLER, P. L. and DiMoTaKIs, P. E. [1989] “Stochastic Geometric Properties of Scalar
Interfaces”, ASME Fluids Engineering Conference (La Jolla, California), 10-12 July 1989.

session on Fractal Structures.




Stochastic geometric properties of scalar interfaces"

by
Paul L. Miller=* and Paul E. Dimotakis

Graduate Aeronautical Laboratories
California Institute of Technology
Pasadena, California 91125

Abstract

Experiments were conducted in which the behavior of scalar interfaces in turbulent
jets was examined, using laser induced fluorescence (LIF) techniques. The experiments
were carried out in a high Schmidt number fluid (water), near or on the jet centerline, over
a jet Reynolds number range of 1,000 < Re < 24,000 . Both two-dimensional scalar
data, ¢(r,t) at fixed z/d, and one-dimensional scalar data, ¢(t) at fixed z/d and r/z,
were analyzed using standard one- and two-dimensional fractal box-counting algorithms.
Careful treatment was given to the handling of noise. Both long and short records as
well as off-axis measurements were also investigated. No evidence was found of a constant
fractal dimension over the substantial range of Reynolds numbers studied. Our results are

consistent with the computed behavior of a simple model of interface geometry.

Introduction

The proposals of Mandelbrot (1975, 1977a, 1977b, 1983) to account for the stochastic
geometry of turbulent interfaces in terms of fractal, power law similarity generated consid-
erable hope in the turbulence community. The proposed formalism held the promise of an
alternate interpretation of a variety of important quantities in turbulence related to energy
spectra and dissipation as well a description of the behavior of the interfacial surface of
scalars and mixing on a molecular diffusion scale (e.g. Gouldin 1988, Sreenivasan et al.
1989).

* Originally presented at the ASME Fluids Engineering Conference (La Jolla, California), 10-12 July
1989, session on Fractal Structures, extended for submission to Physics of Fluids.

** Graduate student, Applied Physics.

t Professor, Aeronautics & Applied Physics.




We have had the ability, in our own laboratory, to record and analyze high time and
space resolution, one- and two-dimensional scalar data using laser induced fluorescence
(LIF) techniques for the last 12 years, or so. The availability of these data led to a search
for a fractal description early on, i.e. a similarity scaling wherein the number of elements
N(A), of an extent A, required to cover the scalar interface would be given by

N(A) « A-D . | (1)

In the work presented here, we have investigated the behavior of scalar interfaces in
turbulent jets in water using LIF techniques.

Experimental description

Cellaction
Opties

Argen lon » 4/080ar¢ Hydre-0
Leser Camputor|

F1G. 1 Experimental apparatus.

The experiments were carried out utilizing the facility shown in Fig. 1. A large rect-
angular water tank of about two cubic meters volume (Dimotakis et al. 1983, Dahm &
Dimotakis 1987) acts as the jet reservoir. Large windows on all sides of the tank provide
optical access. To establish the flow, the jet plenum is filled with water tagged by a flu-
orescent laser dye (sodium fluorescein), and air is sonically metered to drive the jet fluid
at constant velocity through a 0.1in. nozzle at the base of the plenum. The beam from
an argon ion laser is passed through appropriate optics and aligned radially through the
centerline of the jet. A beam stop prevents reflections from the opposite window. .

e ———————————————————————
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Previously, measurements were made in this facility in which a line segment centered
on the jet centerline at an z/d of 300 was imaged onto a linear photodiode array. The array
was then scanned during a run, providing streak image data of concentration in one spatial
dimension vs. time (Dimotakis et al. 1983, Losi & Green 1985, Dahm & Dimotakis 1987).
In the present measurements, the laser beam optics were designed to generate a small
Gaussian waist at the focus, with a small Rayleigh range. The measurements were made
utilizing a low f# lens to image light from a very short segment centered at the waist of the
focused laser beam (on the jet centerline at an z/d of 100) onto a photomultiplier tube,
vielding single-point concentration values vs. time. An optical low-pass filter eliminates
background laser light, passing only the red-shifted fluorescence. A slit spatial filter defines
the length of the laser line segment sampled, and is chosen such that the sampling volume
is roughly cubic in shape. Data acquisition is computer-controlled, with the data stored on
disk for transferral to a larger computer for subsequent processing.

Results and discussion

Single-point concentration measurements as a function of time were made on the jet
centerline for a range of Reynolds numbers from 2,940 to 23,400. The Reynolds number
used here is defined as

u d
Re = — | (2)
v
where ug is the jet nozzle velocity, d is the jet nozzle diameter, and v is the kinematic
viscosity. Careful consideration was given to the treatment of noise. Specifically, power
spectra of the data were calculated, allowing the optimal (least mean squared error) Wiener
filter (Wiener 1949, Press et al. 1986, Dowling 1988, Dowling et al. 1988) to be obtained.
The data were then convolved with the Wiener kernel to obtain the optimal signal, consis-
tent with detection noise levels. Sample spectra before and after the filtering process are

compared in Fig. 2.

The Wiener-filtered data were subsequently thresholded and transitions, or crossings of
the threshold value, were located. The threshold chosen was the local mean concentration
because it is an unambiguous choice, it is close to both the mode of the concentration PDF
and the value for which the most transitions are obtained, and is the value towards which
the local scalar field is driven by the diffusion process (scalar dissipation). Our results were
found to be insensitive to modest changes in this choice. The resulting record of transition
locations was then processed using a one-dimensional fractal box-counting algorithm.

The box-counting algorithm produces a plot of the logarithm of the number of “tiles’,

or contiguous constant length segments. required to cover the transition locations on a

record, as a function of the logarithm of the tile size (such as Fig. 3 below). D\. the

. negative derivative of the line on this plot, may then be interpreted as the associated
fractal dimension.
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F1G. 2 Demonstration of Wiener filter.

It became apparent, after some early attempts at using many points per decade in our
fractal calculations, that there are some subtle end-effects which can occur. If the record
submitted for box-counting is a non-integral number of a particular tile size in length, the
last tile extends past the end of the record, ‘hanging off the edge’. If there is a transition
under the portion of this tile which lies on the record, then there is no ambiguity, and the
tile can be counted. However, if no transition occurs, it is unclear whether there would
have been a transition under the portion of the tile extending beyond the end of the data
record. Some type of weighting scheme of this fractional end tile may suggest itself, but
such weighting requires the (ad hoc) assignment of the appropriate probability.

Numerical experiments we have conducted utilizing the one-dimensional Cantor set
have displayed sawtooth oscillations which vary in wavelength as a function of tile size,
consistent with end-effects. We verified that various weighting schemes do not correct the
difficulty. As a result, we decided that the tile sizes used in these fractal calculations should
all be powers of 2 and the total record size analyzed should also be a power of 2.

The result of a Cantor set calculation using integral tiles is included in Fig. 3. The
constant slope region is clearly visible, although there is some fluctuation about the ex-
pected analytic value. This may be the result of the oscillations observed by Smith et al.
(1986) in numerical calculations of the fractal dimension for this set. We argue, and have
confirmed to our satisfaction by varying the effective record length, that the deviation of
the numerical result from the analytical value, at the smaller and largest scales, is a result
of the finite range of scales included in the simulation. The calculated points were joined
by straight lines in the plots to aid the eye. It is significant to note that, using only integral
tiles. the log-log curves must be non-increasing with increasing tile size. Without belabor-
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F1G. 3 Calculation for the Cantor set.

ing the logic, it is clear that it cannot require more larger tiles than smaller ones to cover
the same transitions. Note, also, that increases in the log-log curve would yield a negative
fractal dimension for the corresponding range of scales. This is, of course, inadmissible,
even in the presence of noise. '

It is tempting to fit a straight line to the log-log plot to assign a (constant) fractal
dimension. There is, however, the ambiguity of deciding which segment of the curve to fit
with the line. In our case, there is in fact no need to resort to such a fit, as the statistics
of our processed data are of sufficient quality to permit direct differentiation of the log-
log curve to determine its local slope. A constant dimension should then appear as a
constant value in a plot of this derivative. We chose to use three-point central differencing
in this computation. Higher order schemes were considered to be unwarranted for this
task. The log-log plots and plots of the resulting D, are shown in Fig. 4, where the length
scale (estimated from the calculated mean velocity) has been expressed in absolute length
(meters).

As can be seen, there is no evidence of a constant value on the Dy plots, other than
the limiting values of 0 and —1. This is despite the fact that the spatial range spans from
below the Kolmogorov scale to the outer large scales of the flow. The limiting value of -1
at the large tile sizes indicates that every tile of sufficient length covers transitions. This is
to be expected for scales on the order of the jet diameter (about 11em in 11g. 4b), or larger,
since over such a distance (or corresponding time) a crossing of the ni-an concentration
level is almost certain. Failure to reach this asymptotic value indicates that either the
data record was insufficient in length to capture the largest scales of the flow, or that the
processing algorithm stopped at a tile size shorter than these largest scales.
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Fi1G. 4a Log-log tiling plots of centerline data for four Reynolds numbers (z/d = 100).
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F1G. 4b Corresponding D) plots (note that logé/m ~ —1.0).

Note that the spatial resolution of the measurements used for the values in Fig. 4b is
about 80 um, and the Kolmogorov scales} range from roughly 50 to 250 um. It can be
seen that all four curves merge in the vicinity of 80 um in the figure, consistent with our
estimate of the resolution. We recognize, however, that it may be necessary to measure

! The Kolmogorov scale was estimated directly from its definition in terms of the mean energy dissipation
rate, using the resuit of Friehe et al. (1971) for the dissipation rate on the centerline of a turbulent jet
(¢f. Dowling 1988).
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scales well below the Kolmogorov scale for several reasons. One is that the fractal dimension
is calculated as a finite difference of the log-log curve. This makes slope values somewhat
sensitive to resolution of the next smallest point. Another caveat is that the Kolmogorov
scale, as a local scale, is subject to fluctuations which have some distribution. This distri-
bution may have a significant contribution at scales less than the Kolmogorov scale based
on the mean energy dissipation rate. Finally, the Batchelor (1959) diffusion scale is, in this
case, a factor of 25 below the Kolmogorov scale. It is, in fact, the smallest spatial scale
expected in the scalar field.

While recognizing the issues at the smallest scales, it should be kept in mind that
these data represent some of the highest resolution measurements made in a turbulent,
high Schmidt number jet. In addition, over a million single-point measurements are made
in each run, spanning four to five decades of spatial scales. Nevertheless, taking into
account the effects discussed above, it may be that this is still insufficient resolution to
quantify the small scale behavior of the D, curves at the higher Reynolds numbers that
were investigated.
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F1G. 5a Effect of noise on transitions (Re = 2940).

It has been known for some time that the presence of noise in a signal can profoundly
effect the statistics of level crossings (Rice 1954). Since the box-counting algorithm utilizes
level crossings or transitions, the issue of noise is an important one. To illustrate this effect.
Fig. 5a displays a small segment of a normalized, unfiltered signal and the corresponding
optimally (Wiener) filtered signal. It is apparent that noise grossly affects the crossings of
the mean level, and that a proper treatment of this aspect of the data is thus an essential
component of the data processing. As all measurements are subject to noise. this is an
issue which must be addressed.
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FiG. 5b Effect of noise on results (Re = 2940).

As a demonstration of the effect of noise on the box-counting algorithm’s results, data
from a particular run was processed both unfiltered, with a variety of Gaussian filters
of differing widths, and using the optimal filter. The Gaussian filter, if chosen with an
appropriate width (which, however, is not known a priori), may serve as an adequate
approximation to the Wiener filter. Figure 5b shows the results for no filtering, insufficient
filtering, optimal filtering, and over filtering. It is evident that the presence of noise in the
data may result in a region of nearly constant slope on the log-log plots. With the correct
degree of filtering, however, which is totally determined from the power spectrum and has
no adjustable parameters, this constant slope has disappeared.

While the approach documented above to determine D) is one we have converged on
in favor of many alternatives, several suggestions have been made in the literature which we
felt we should assess. These include the effect of analyzing shorter data records rather than
the entire run as one long record, measuring in the intermittent off-axis region of the jet,
and comparing true one-dimensional spatial data and two-dimensional streak data with the
single-point measurements (cf. Sreeniiasan & Meneveau 1986 and Prasad & Sreenivasan
1989).

Shorter records have been suggested because of the possibility that scalar interfaces
might display a particular fractal behavior on a local length or time scale, but that over
larger scales, fluctuations or variations in the local properties could smear out the effect.
To examine the behavior of shorter record lengths, rather than ensemble averaging either
the log-log plots or the D) curves for many short records, we superimpose all of the results
on one plot (Fig. 6). The results shown are for a Reynolds number of 2,940. Not only do
the individual realizations fail to exh’bit a constant slope region, but the ensemble average
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Fi1G. 6 Many individual short records (Re = 2,940).

resembles the result displayed in Fig. 4. Even shorter records were also analyzed, for the
entire range of Reynolds numbers, and the outcome was the same for record lengths of all
sizes, down to ones so small that the D) curve would barely begin to rise before the record
length was reached.
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Fic. 7 Two-dimensional results.

In addition to the one-dimensional box-counting algorithm, a two-dimensional tiling
program was also employed on the streak image data. Streak images were taken at Reynolds
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numbers of 1,000, 2,000, and 3,000, providing full resolution of the Kolmogorov scale in
each case (Green & Losi 1985). The data acquisition rate was adjusted proportional to the
local flow velocity. The resuits are shown in Fig. 7.

1.0 T T — -
' Symol  fe
.8 F -1
.6 -
&'
4 - -J
2pF -
.0
.0 .5 1.0 1.5 2.0 2.5

log(i) (ard. units)

F1G. 8 One (spatial) dimension results.

| lhese streak images were also analyzed line by line, as successive, one-dimensional
spatial images. Since the array used contained only 512 pixels, the dynamic range of the
spatial data is much ~maller than the single-point measurements. These results are included
as Fig. 8. Finally, single-point measurements were made off the jet centerline at n = r/z
of 0.06 and 0.13, at a Reynolds number of 8,500. The results are shown in Fig. 9, and
compared with a corresponding centerline curve.

Regardless of the approach, no evidence was found of a power law similarity, corre-
sponding to a (constant) fractal dimension. It is for this reason that we have denoted the
logarithmic derivative of the N(A) curve by the symbol D), rather than simply D.

In an effort to model this behavior, we utilized a simple description of the threshold
crossings. A program was written which produced a record of transitions which were
randomly spaced with log-normal probability. PDF’s of our measured transition spacings
show that the log-normal distribution is a good approximation. Two parameters, the
location of the maximum and the width of the distribution, were allowed. Figure 10 includes
the result for the lowest Reynolds number of 2,940. The agreement is good.
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Fic. 9 Off-axis single-point results (Re = 8,600, n =r/z).
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Fi1c. 10 Comparison of model and experiment (Re = 2,940).

Conclusions

There has been a number of papers documenting experimental measurements of fractal
dimension in turbulent flows, e.g., Sreenivasan & Meneveau (1986), Sreenivasan et al.
(1989), Meneveau (1989), and Prasad & Sreenivasan (1989). These authors have concluded
that power law (fractal) similarity is applicable to the description of scalar interfaces. We
appreciate that our results are at variance with documented evidence, which led us to
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expend considerable care in examining possible reasons for this discrepancy. In summary,
we have performed experiments in the far field of turbulent jets, yielding high resolution
scalar field measurements. We have examined single-point measurements, one-dimensijonal
line images, two-dimensional streak images, ensembles of long records, short records, on-
axis and off-axis data, in jet lows spanning over a decade in Reynolds number, and find no
evidence of a power law similarity.

There are many possible explanations for this discrepancy. Available documentation
of previous experiments and the analysis of the resulting data make no mention of the
treatment of noise, which we have shown may have an important effect on the results.
We have also examined the merits of short vs. long records in the search of a constant
fractal dimension, as it was suggested by Sreenivasan & Meneveau (1986, Fig. 14), that
large scale fluctuations in very long records may mask this behavior. We note, however,
that their short records (for which they claim a constant D)) only have on the order of 20
transitions, or so, in the region of interest. The confidence level of the statistical inferences
from such small samples could well be low. Additionally, we also note that in the same
figure, increases in log V(¢) can be seen with increasing log €. Such increases are, of course,
not admissible by the analysis and suggest that the algorithms that were employed may be
at fault (see also ibid., Figs. 10, 15, and 19). Non-integral tiles were apparently used in that
analysis, with no explanation of how end-effects were treated. No test case is shown using
their box-counting algorithm. We should also raise a caveat concerning fitting a straight
line directly to log-log curves, rather than computing the derivative directly, in some way.
We feel that straight line fitting may often obscure systematic curvature. The reader is
invited to sight along log-log curves edge-on to reveal this effect.

There is also an issue of Reynolds number. The only referenced value for jet flow in
Sreenivasan & Meneveau (1986) is a Reynolds number of 2,500 (Fig. 9, caption). Un-
fortunately, the jet Reynolds number is not cited in the more recent paper by Prasad &
Sreenivasan (1989). Judging by the photograph (Fig. 1) and the resolution claims in that
paper, it would appear to be close to 1,000. Previous experiments in water (e.g. the Wed-
del experiments documented in Hottel 1953, Dahm 1985), however, have shown that jet
flow has not attained asymptotic behavior, by a variety of criteria, until a Reynolds num-
ber of at least 3,000. Power spectra (Dowling 1988, gas phase mixing) of the scalar field
are also not characterized by a constant power law region for Reynolds numbers as high
as 5,000 to 10,000. Our own measurements of scalar spectra in water corroborate this
finding. Entrainment measurements in gas phase jet flows (Ricou & Spalding 1961) have
shown that quasi-asymptotic behavior is not attained until a Reynolds number of 25,000.

Findings of a constant and universal fractal dimension are thus all the more surprising,
since the jet flows utilized in the reported experiments may not be bona fide turbulent.
certainly not in the sense of displaying a well-developed inertial cascade with a (near)
-3/3 power law exponent. Conversely, our data and analysis force us to conclude that, at
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least in the far field of turbulent jets, scalar interface geometry cannot be described in terms
of a constant fractal dimension, at least under any of the flow conditions we have examined
in our experiments. This conclusion was the reason for avoiding the word fractal in our title,
as that was coined by Mandelbrot to denote the power law of Eq. 1. We appreciate that
the flow in the far field of turbulent jets is characterized by a host of similarity properties,
indeed spanning the full spectrum of scales (Dowling 1988). We note, however, that power
law behavior is not compelled by similarity.
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A model is proposed for describing chemical reactions in a turbulent shear laver. The
model exhibits explicitly the effects on the overall reaction rate of equivalence rativ and of
the Schmidt. Revnolds and Damkohler numbers. The model predictions compare tavorably
with experimental results in which all of these parameters are vuried. The comparisons 1mph
that the Revnolds number intluences the effective reaction rate for Re as hich as 10" and
that the reaction rate becomes mixing. limited for values of the Damkohler number. based
on time of flight to the measuring station and the overall reaction time. of about 40

Introduction Basic Ideas

In this paper the model proposed in Ref. 1 for The basic ideas upon which the model rests came
treating fast chemical reactions in turbulent shear primarily from the experiments of Konrad® and of
lavers is extended to allow the treatment of arbi-  Breidenthal.' experiments following the seminal work
trary chemical reaction rate. To provide a back- of Brown and Roshko.” The essential observations
ground for the development. the basic ideas on  were: 1) more reuction product was present. at a
which the model is based are reviewed and the ear-  given Revnolds number. in 4 reaction in gases than
lier comparisons with fast chemical reaction exper- in water. and 2! the rativ of high speed fluid to low
iments in both gases and liquids are summarized. speed fluid in the molecularly mixed fluid was vir-
The experiments of Mungal and Frieler’ in which tually independent of the lateral coordinate. These
the reaction rate in a turbulent shear layer was var-  early experiments have been followed by others
ied from zero to mixing limited conditions was the  confirming the observations and providing mam
motivation for the work and it is with their data more supporting details. Results trom the expen-
that the model is compared. ments of Koochesfahani and Dimotakis® in water

The essential concept upon which the model is (Fig. 1) illustrate. strikingly. the nearly constant in
based is the idea that the molecular mixing takes the lateral direction! composition of the molecularly
place during, and at the end of. a Kolmogorov-like mixed fluid. Konrad's observations 1n gases. also in
cascade from the largest to the smallest scales in  Fig. 1. show that the composition is not quite so
the tflow. Successive cascades begin as fluid from  flat in gases. These measurements will be discussed
the two streams enter the shear laver und form large-  in the context of the model after it has been de-
scale structures. During the cascades. tlame sheets veloped.
form between the reactant streams and here the It is concluded from the experimental observa-
molecular transport coefficients influence directly  tions and from numerical calculations such as those
the molecular mixing rate. It is in the treatment of of Corcos und Sherman.” Lin and Corcos.” and
these effects that the model predictions difer most  Lowerv and Revnolds.” that the scalar behavior anses
significantly from those based on the notion of tur-  from the fact that instabilities lead to regions of
bulent eddv diffusion. concentrated vorticits. which causes treestream thads




Fic. I Hivh speed flud concentration. The svin-
bols denote mean concentration and the dashed hne
the mean concentration ot the molecularly mxed
flid i water. Koochestaham and Dimotakis.” Dash-
dot line 15 the mean concentration of the molecu-
larlv muxed tluid in gases. Konrad.®

to enter the shear laver in streams with dimensions
of the order of the layer thickness. 8. The model
formulation is based largely on these obsersations
and proceeds as follows. (It is helptul in following
the moudel development to have in mind the tlow
tields described in these references.!

It is postulated that in the limit Re — =, no
mixing takes place until the scale of these entering
streams is reduced. by inviscid motions, to the Kol-
mogorov scale, Ay ~ 8/Re’*. where Re is the Rev-
nolds number based on the shear laver thickness.
3. and velocity difference, AU. \When the scale of
the concentration tluctuations in the streams reaches
At it is shown in Refs. 1 and 10. and outlined be-
low. that the time required for diffusion to “ho-
mogenize  the mixture is negligible compared to
the time to reach A from 3. i.e. compared to
8/AU. The quantity. or volume fraction, of molec-
ularly mixed fluid so formed is, therefore, indepen-
dent of both the Revnolds r ymber and the Schmidt
number, Sc = v/D. where v and D are the vis-
cosity and diffusion coefficients. {n the limit Re —
x then. the rate of molecular mixing is a constant
as is the rate of entrainment into the laver. These
assumptions parallel those inade in turbulence the-
orv concerning dissipation. that it is independent of
Revnolds number and takes place at the Kolmo-
gorov scale.

When the Revnolds number is below the asymp-
totic range Re — x=. but still such that (ReSc''/2
>> 1 and the inertial cascade takes place. diffusion
lavers form at the boundaries of the entering
streams. At the large scale their thickness, A,. scales
with the large scale vanables. U and 8. and is given
bv

3

A. ~ B/ ScRe!t? ~ §/Pe!’?

TURBULENT COMBUSTION. NONPREMIXED FLAMES

where Pe is a Peclét number AUS/D. Since the
surtice area per unit volume. S. of these dithusion
sheets scules only with 37" at the large scale'. their
tractional volume (§- X, is proportional to Pe™ "%

In the original formulation of the model. the dif-
fusion lavers are called strained laminar flames.
Connection is made with the preceding discussion
by noting that if these lavers are in diffusive equi-
librium with the local large scale strain € ~
AU/3, their thickness A, s proportional to (D/€ '*
~ 3/Pe' * in agreement with the above expression.
‘See Carrier. Fendell. and Marble!!' for & discus-
sion of these tlames.’ When S¢ = 1. A, is the Tav-
lor scale. a fact brought ta our attention by H. W,
Liepmann. who points out that thev are. in the
mathematical sense. internal boundary lavers.

In this case. also. when all scales in the entering
stream are reduced to the Kolmogorov scale. the
mixture is homogenized as before. [n this Lagran-
gian description of the path from the free stream
to the molecularly mixed state. the same quantity
of fluid is involved whatever the Revuolds or
Schmidt number. Therefore. the fractional volume
of mixed fluid produced by diffusion at the Kol-
mogorov scale is independent of these parameters.
The diffusion at the scale A, causes mixing that o
“early” or upstream. in the Eulerian viewpoint.

At any axial station. then. the molecularls mixed
volume fraction, V,,, can be written.

Re >> |
V. =A+ B/iScRe''’®> (ScRe' * >>1 .1
Re >> [nSc*

in which A is the average volume fraction gener- .
ated when the entrained fluid reaches the scale A,
and B is proportional to the average non-dimen-
sional surface are per unit volume. i.e.. to 5 mea-
sured in terms of 8. The notation ScRe is used in-
stead of Pe because of the need to state the
conditions of applicability of the model.

The restrictions written tor Eq. 1) are to be in-
terpreted as follows. The requirement that Re >>
1 insures that the flow is turbulent. The condition
that :ScRei'? = > | insures that the Tavlor laver
thickness is s relative to the shear laver thick-
ness. The need for the restriction Re >> InSc*”
arises from the requirement that the homogeniza-
tion time at the scale A, be small compared to
8/U. Batchelor'® shows that local straining reduces
Ae to 8/tRe** Sci? in a time «8/U1/Re’ 2 nSc.
Then since the time for diffusion across the re-
duced scale is onlv (8/U)/Re'"?. the larger time 1/
Re' *ilnSc is controlling and is the restriction given
refative to Eq. «[}. For ordinary substances. the re-
quirement tor turbulent low. Re >> 1. automat-
icallv satisties Re >> inSc?

[n the shear laver. the strained flames or Tavlor
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lavers will be considered to be stagnation point flows
formed between the two free streams. When the
reaction is simple and fast. an exact solution is
davailable in the reference just mentioned. Complex
reactions with ftinite rates must be treated numer-
icallv as is done. for instance. in Dixon-Lewis et
al.'? The exact solution and an approximate integral
treatment for 4 special case are described in a fol-
lowing section.

While large scale unsteadiness is an inherent fea-
ture of the flows being considered. the model at-
tempts to deal only with their averaged conse-
quences.

It is seen that this picture of the flow. and the
model derived from it. describe the two essential
experimental teatures discussed above. In the limit
ScRe — x. a condition that the water experiments
appeur to meet, the delav after the freestream fluids
enter the layer, before mixing takes place. together
with the large-scale vortical motion explains the
uniform lateral mixed fluid composition. At lower
values of ScRe. as in the gas experiments. the
strained laminar lavers account both for the larger
amount of product than in liquids and for the slight
lateral variations in the mixed fluid composition.

The Chemical Reactions

The picture developed above will be used first
£,¢ a discussion of the Ha-F; reaction in the shear
laver discussed above. Mungal and Dimotakis,'> and
the subsequent one. Mungal and Frieler.” in which
the chemical rate coefficient was vatied.

The reaction takes place between H, and nitric
oxide. NO. carried in one nitrogen stream and F;
in the other. In most of the experiments the high
and low speed velocities were 22 m/s and 8.8
m/s. but several runs were made at 44 m/s and
17.6 m/s. In the part of the experimental results
to be discussed here. the H, concentration was var-
ied between one and eight percent molar and was
in the high speed stream. the F, concentration was
one percent molar, and that of the NO (needed to
initiate the reaction) varies between 0 and 0.03 per-
cent molar. With these concentrations, the mean
temperature rise is only about 100° K so that the
density change is small and the fluid mechanics is
little influenced.

The important reactions are:

ki

F+Hy—HF + H 2)
ky

F;+ H—HF + F 3
kq

F; - NO—= NOF - F B

described hv the equations:

dTHa
'{[E;] = =k [Fi[H,]
IF’
% = —koF,][H] = k[NOJ(F;j

M = =k;{F,][NO]
dt

It was shown in Mungal and Frieler® that this
kinetic system can be represented by a single re-
action

%
H, + F; — 2HF 5

governed by the rate equation

d[HF| .

—— = K[H.j[F,] 6
dt

where k is a function of the initial nitric oxide con-

centration. {NOJ..

Model Formulation

The picture of the motions postulated in the
foregoing is illustrated schematicallv in Fig. 2. The
¢'s are volume fluxes per unit length into the var-
ious states. with ¢, and ¢, the fluxes from the high
and low speed stream into the laver. The entrain-
ment ratio. E(>D. is ¢/, and it is determined by
the free stream density and velocitv ratios.” In this
work. however. the former is taken to be unitv, but
the general ideas should apply to the more general
case.

When the molecular diffusion coefficients of the
constituents are equal. the flame sheets consist of
equal volumes from the two free streams. The ex-
cess high speed fluid. therefore. becomes part of
the homogeneous mixture. directlv. only when the
Kolmogorov scale is reached.

The homogeneous mixture volume flux increases
with axial distance x by the addition of a volume
flux per unit length, ;. made up of the flame sheet
flux. ¢z and of the flux directly from the high speed
stream. vq. It is easv to show that ¢, is made up
of t4 and ts in the proportions

E-1 2
Lty = | Cho Lty =

E +

Uh-
E~1"

In the present formulation. it is assumed as a
simplification that the flame sheets are tormed onlyv
between pure fluid from the two streams and. in
addition. that their thickness 15 1n equilibrium with
the local large-scale strain. Furthermore, the ho-
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Fic. 2. Schematic diagram of shear laver mixing.

mogeneous mixture is taken to be at a single com-
position.

[n the experiments under discussion. the amount
of product in the shear laver is characterized by the
“product thickness.” dp. defined at a particular axial
measuring station by

Cpy)
5P_f Ly_dy

where Cp is the molar product concentration and
C. is the fluorine concentration in the low-speed
stream. In accordance with the discussion above,
the contributions of the flame sheets and the ho-
mogeneous mixture are considered separately as
follows:

Sp—f ‘—dy—f

1Cola
— alx.ydy

Cel
f ‘——P—’x Sdy ™

where (Cp)y and (Cp)s denote the homogeneous
mixture and average i{ame sheet product concen-
trations. in moles per unit volume of homogene-
ousty mixed fluid and of flame sheet fluid, respec-
tively. The fractional volume of the former is denoted
bv aix.y) and that of the flame sheet by A,:S, as
discussed above.

As already noted, (Cply is independent of y at
anv r and aix.yt = ain), where n = y/8 and 3 is
the shear layer thickness. here taken to be distance
between the one percent of maximum of the prod-
uct profiles. The homogeneous mixture term can,
consequently, be written

'Cpu,

—3 ainidn.
C. j "

Carrier et al.'! show that A, = aiD/e''%, where
a 15 a constant of order one. As stated above. we
take ¢ to be the large-scale strain. AU/d and as-

sume that A, and (Cpls are also independent of y
at fived r. Since S scales with 1/8. we put S =
Bin)/d and write for the flame sheet term

(Cp) ® Cp! DS
—P—k-j Bimidn —a‘ P/ f Binidn

C‘E - I
a-iCpl >
= ——-—PIS(ScRe)""J‘ Binidn

©

With these expressions, Eq. (7 becomes

= A(Cplp/Cx + BiScRe) V%Cpy/C. 9

where A = [T.ain)dn and B = af - .B(n)dy are the
constants in Eq. (1).

Observe that A and B have to do onlv with the
molecular mixing: all the chemical kinetic effects
appear in (Cp) and (Cply. Strictly, A and B must
be determined for each free stream velocity: it is
likely, however. from the arguments leading to the
model, that they are weak functions of these vari-
ables.

Consider first the application of Eq. (8) to shear
laver reactions that are diffusion limited. Under these
conditions, (Cp)s/C~ is easily determined for the
H;-F, reaction as follows. To specialize to the ex-
perimental situation, let the low speed stream reac-
tant be one percent fluorine and the high speed
stream carrv various concentrations of hvdrogen (to-
gether with sufficient nitric oxide to insure that the
reaction is fast). Define the equivalence ratio. . as
the ratio of the freestream concentration of fluorine
to that of hvdrogen. & = (Cg),./(Cy).. Now we use
a result of Konrad’ that the homogeneous mixture
consists of E(=1.3) parts high speed fluid and one
part low speed. The fluorine will, therefore. be
consumed completely when the hvdrogen concen-
tration in the mixture is such that & = 1.3. Calling
2HF the product. we have for & = 1.3.

iICpin/Cx = I/LE + D = 0.43.
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As was mentioned above. when the reactions are
fast and consist of a single step forward process as
in the case here, the chemical reactions in the flame
sheet can be treated exactly when the tlame struc-
ture is in equilibrium with the strain. (See Carrier.
et al.) The solution gives for the moles of product
per unit flame sheet area. xp.

xp = 12/mb %o ~ e ViD/e)!?C,

= 2/m % + Llie”V'C.8/(ScRel? (9)

where A\ = erd" Yo - 1)/id - 1. With the use
of this expression and the result above, Eq. (8) be-
comes, for & = 1.3.

dp
—=A/(E~D
5 /

- B2/m % ~ e~V /iScRe)’2. (10)

To proceed further, we need to determine A and
B. The most straight-forward and accurate proce-
dure is to use the measured 8p/8 for & = 1/8 from
the H,-F, fast reaction experiment = under discus-
sion and the corresponding value from the experi-
ment in water.> We need not be concerned with
the details of the latter experiment, needing only
to note that it was for Re = 2.3-10*, & = 1/10
and Sc = 600. The H;-F; experiment. for Re =
6.6-10°, Sc = 0.70 and & = 1/8 vielded 5p/5 =
0.24 and the water experiment gave 8p/5 = 0.13.
(As will be pointed out later, the H,-F. experi-
ments were not quite at mixing limited conditions;
consequently, Eq. 110} is only approximately appli-
cable. To avoid complicating an already complex
exposition. this inconsequential inconsistency will
be ignored.}

These two results and two sets of conditions sub-
stituted into Eq. (10) give two equations from which
it follows that A = 0.28 and B = 34. This result
implies that in gases at this Revnolds number. the
product is almost equally divided between the flame
sheets and the homogeneous mixture. In water, on
the other hand. the flame sheet contribution is
negligible.

With A and B fixed, the model prediction of the
effects of equivalence ratio and Revnolds and
Schmidt numbers. can be compared with the ex-
perimental findings. When the reaction is fast, Eq.
«10) as 1t stands can be applied. For slower reaction
rates Eq. (8) must be used and (Cpi/C, and
Cpli/Cs in this equation determined. An approxi-
mate analvsis of the tlame sheet for arbitrarv re-
action rates is given in the next section. The ho-
mogeneous mixture, which can be treated exactly,
is considered afterwards.

Approximate Analysis of Strained Flames

A two-dimensional strained flame is formed when
two streams carrving reactants meet at a stagnation
puint as sketched in Fig. 3. Under our conditions.
the overall conservation equation is

If ¢ is a linear function of y.

Ju
u=—ey‘a—=e. JdD
X

When € is constant and the reaction is fast relative
to diffusion. the reaction takes place on a plane
parallel to x and the exact solution of Carrier. et
al.!'! is applicable.

When the reaction rate is finite, a boundarv laver
integral approach applied to the control volume in-
dicated by dashed lines in Fig. 3 vields approxi-
mate results. (It would. perhaps, also be possible
to use a perturbation procedure here.} To obtain a
simple solution. we specialize from the beginning
to small values of . the condition of the variable
reaction rate expen'ment.Z Further. only average
values for the concentrations are considered. Note
first that from Egs. (l11) ct~A./2} = €A./2 and
u = eAx. The conservation equations for H» and
F; in the control volume are

=o(+ A, /2(Cyy)dx = kCpIAChipA.Ax

= (CylreAdx (12!
(=N /2{Crledx = kiCe)piCyyjpAdx

= (Celrer.Ax (13)
From Eq. 112),
1 (Cul=

2 k
[l + - ICF)f:I
€

Putting this expression into Eqs. (12) and (13). and
solving for (Cg)s in the limit (Cgl. — 0 (to approx-
imate (Cy)u/(Cple >> 1), we get

\CH)}' =

) 1 1C|.'), ‘Cﬂ)t
lCF)f-EW' {Culy = > A
2¢

The product concentration. (Cply. is given by




!
L

X
~J
Ax
v
F2
Fic. 3. Strained flame control volume.
k(Cyytu (Cele
Cply = — 3 15)

de kiCyy)
- 2e

a result consistent with the requirement that (Cpy
+ \C¢ly = (Cg)x/2. To compare these results with
the exact solution. mote that the amount of product
per unit flame sheet area, kp = (Cp)- A, is. from
Eg. (13) with k — =, given by

kp = (a/2(CpD/e)'/2 (16)
while Eq. (9) is the exact solution. Thus the de-
pendence on the parameter (D/e) is the same in
the two expressions, and with the constant, a. set
equal to 6.8, the two expressions match.

For small k., Eq. (15) reduces to

ik/e: (D

(Cr)utCpix
(Cp)f = -H—-‘L

a result in agreement with the analvsis of Norton.'*

In summary, Egs. (15) and (16} are approxima-
tions for all k for (Cgln/(Cu)a = & << 1. while
Eq. (9 is the exact solution for k(Cy)./€ >> 1 for
al .

Analysis of the Homogeneous Mixture

In this section. expressions for the reactant and
product concentrations in the homogeneous mix-
ture are derived. The connection between ¢, the
addition rate to the homogeneous mixture, and a.

TURBULENT COMBUSTION: NONPREMIXED FLAMES

the homogeneously mixed vol. ne fraction. is de-
rived first. The shear layer is considered to be tulls
developed so that 8 = C,x and & and U are func-

tions of m = y/d. Let U = Ugw where U = .
(U + Uy/2. then i
d {7 ) N
th == amUindy = ¢|GU NEY
de J_. -

where

C =f amigimidr. A9

When fluorine is carried in the low speed stream.
no fluorine “enters” the homogeneous flux directls.
it is homogenized only after becoming part of a tlame
sheet. The fluorine and hvdrogen conservation
equations for the homogeneous mixture are. under
these conditions.

d x
—J' ({CemamUimidy
dre ).,

- ACey
= - kCnCenaimidy ~ E_—_I e 20

d &
- [ (Cunaun)Uinidy

de ',
* b
= - f k(’CH),,\CF);,am}dy*- [E l;CH '
E-1 Coo " ~
- Cyx |ts 2
E-D Hhe |k

Eq. 120} describes the change in the fluorine flux
in the mixture. the L.h.s.. caused by the consump-
tion of F; in the chemical reaction. the first r.h.s.
term, and the addition from the tlame sheets. the
last term. The same meanings apply to the first three
terms in- Eq. (21). The tinal term is the direct flux
from the high speed stream into the homogeneous
mixture. Using Egs. (18) and (19), we find.

d —kiCynCplpx  2ACH
— [qCply] = HAEh . £t a3
dr U E-D

—k(CH);,lC(;U.,X
~— e Culnl = ————
dx[ﬂ HInl C

[ 2 co «E-I‘C ] -
+ { - i Je Vo
E~-L Y Eg-p M

in which the approximation
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=

G =J amizimidn EJ

has been made. The approximation used in the flame
sheet analysis. i.e.. that the hvdrogen depletion by
chemical reaction can be neglected. is introduced
next. With «CH"‘ = \CH',/Z. Eq 23} yields

amidn

Cup = Ch)x. 24

E+ D

The hvdrogen from the free stream is again simply
diluted in the homogeneous mixture by the low
speed free stream fluid. With this result, Eq. (22
becomes

Z(CF)"
— [x*Cgip) = = *1Cglp =
d.t‘[r 'l E+ D Fa E~-D

where t* = kCylat/U.

Since € = AU/B, in which AU is simply related
to U and 8 = ¢;x with ¢; = 0.16, Eq. (14} shows
that .Cgly. also, is a function of £* only. Eq. 25
can. therefore. be solved by standard methods to
vield (Cgiy as a function of x* and. since

(Cp);,/C, - ICF)[,/Cg = 1/(E + 1), (36)

the variation of the product concentration at the
fixed x' measuring station with the reaction rate.
Interestingly, the over-all solution is dependent only
upon the Damkohler-like variable, x*, which arises
naturally in the analysis.

It is helpful to note that when x/U is replaced

by t in Egs. (22 and 123). thev become equations
describing exactly the fluorine and hyvdroger con-
centrations in a closed homogeneous .i.e.. well-
stirred) reactor to which streams of flame sheet and
freestream Huid are steadily added.

Model Comparison with Experiment

Consider the diffusion limited conditions first.
Figure 4 shows a comparison of 8p/d trom Eq. 10
with results from the H;-F, gas experimenti’ and
the water experiment.® The two solid symbols are
the experimental points from which A and B were
determined. A plot of this form is useful in that it
shows clearly the nature of the model. Consider first
the curve for Sc = 600. in which there is negligible
contribution from the flame sheets. For a fixed low
speed stream reactant concentration. sav one per-
cent, the amount of product rises linearly from zero
with the high speed stream ccnicentration, i.e.. with
1/, to the value 1/E at whict. cc: lition all the
low speed reactant has been converted to product.
Further increases in the high speed concentration
have no effect. The dashed line. for gases. Sc =
0.70. comes from adding at each ¢ the flame sheet
contribution to that of the homogeneous mixture,
the solid line.

Consider next the effect of changing the reaction
rate of the H,-F, reaction. Recall that the rate coef-
ficient can be varied simply by varving the initial
NO concentration. leaving the fluid mechanics es-
sentially unchanged. Some of the results and the
model predictions (with the values of A and B al-
ready determined as described earlieri are given in
Fig. 3. In the tigure Da is defined as kiCyi. x/C

30 T T T T

25

'_?F.
T
S

Sc* 600

i 1 L 1

1 H 1 L 1

o] 1.0 20 30 40

SO 6.0 70 8.0 90
17

10.0

Fic. 4. Dependence of product thickness on equivalence ratio. Triangles are experimental results 1n
zases. Mungal and Dimotakis:'® circles are from experiments in water. Koochestahani and Dimotakis.”
Dashed and solid lines are the curresponding model predictions.
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LI

(89), /8

8 . [ 72 a0

Fic. 5. Dependence in shear laver of product on
Damkohler number. Da = ki(Cylx/C. 3. total
product thickness. (5p). flame sheet product. (8p),.
homogeneous mixture product: 8. shear laver thick-
ness. The svmbols are experimental data from
Mungal and Frieler’ for two different velocities at
the same velocity ratio.

where 1 the distance of the measuring station from
the location of the turbulence transition (See Ref.
2 for details). The separate contributions of the flame
sheets :8p); and the homogeneous zones (3p), are
shown. wi(é the latter seen to reach its limiting value
more quickly.

It is useful next to discuss effects of the Revnolds
number on the reaction because when Re is in-
creased by increasing the velocities, there is an ac-
companying change in the Damkohler number.
Figure 6 shows the theoretical product amount for
several values of the gas reaction rate. the full lines,
together with the measurements of Mungal, Her-
manson and Dimotakis.'® the circles. The solid
svmbols mark the same conditions as in Fig. 4. The
curve marked k/k* = 1 is to be compared with the
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Fic. 6. Dependence of product thickness on Rey-
nolds number and reaction rate 1n gas and liquids.
Circles are experimental results in gas. Mungal. et
al.."® and tnangles are results in water. Kooches-
faham and Dimotakis.” Solid and dashed lines are
the corresponding model predictions.

experimental H,-F, values. That for infinite reac-
tion rate. k/k* = x_illustrates the effect of Rey-
nolds number alone in gases compared to the dashed
line tor liquids. Data for a wider range of Revnolds
number would, of course. be valuable.

Conclusions

It should be noted that the two constants in the
model which must be determined from the exper-
iment are fixed by results from two measurements
with fast chemical reactions, one in gas and the other
in water. They cannot. therefore. be adjusted to fit
the data when the equivalence ratio. the Damkéhler
number. or the Revnolds numbers are varied. In
its final form the model displavs explicitly the ef-
fects on the overall reaction rate of changes in these
parameters.

The results imply that when the Schmidt num-
ber is of order one. the Revnolds number intlu-
ences the reaction rate to values of the Revnolds
number at least as large as 10° I[n addition. the
reaction rate becomes mixing limited at a Damkohler
number of about 40. where Da is the ratio of the
time of flight between the measuring station and
the station at which the flow becomes turbulent and
the effective reaction time.
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Nomenclature

average volume fraction of fluid mixed at A,.

constant, proportional to non-dimensional sur-
face area per unit volume

molar concentration

molecular diffusion coefficient

entrainment ratio. v,/

overall reaction rate coefficient

Peclét number, AUS/D

e Revnolds number, AUS/v

flame sheet area per unit volume

¢ Schmidt number.

mean streamwise velocity

Uy = Uy

Uy + L':)/?.

molecularly mixed fluid volume fraction

volume flux per unit length

streamwise coordinate

lateral coordinate

[-- B g

IrmoO

SRR R PR RV AV
-
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fractional volume of homogeneous mixture
S-3

shear laver thickness

product thickness

strain rate, AU/

y/d

moles of product per unit flame sheet area
Kolmogorov scale

Taylor scale

viscosity

equivalence ratio, (Cg)x/(Cu)x

ecprramoowma

Subscripts

high speed stream

low speed stream
directly from freestream
flame sheet

fluorine

homogeneous mixture
hvdrogen

product

freestream
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COMMENTS

J. C. Hermanson, United Technologies Research
Center. USA. The analysis of Carrier et al.. which
was emploved in representing the amount of prod-
uct resident in the flame sheets, does not consider
differential diffusion effects. For the case of un-
equal reactant diffusivities, the reactant consump-
tion rate exhibits a different dependence on equiv-
alence ratio than that for the case of equal reactant
diffusivities. What impact would including this ef-
fect have on the correspondence between the pro-
posed model and the H,/F, reaction resuits shown
in Fig. 42

Author's Reply. Other approximations in the model
are probably much more serious than the neglect
of differential diffusion. The model as formulated.
however, allows the treatment of diffusional pro-
cesses of whatever complexitv is appropriate. Nu-
merical computation of the flame sheet would then
be required. as would be the case. also. for com-
plex chemical kinetic svstems. We do not expect
that the results in Figure 4 would change signifi-
cantly if differential diffusion were considered.
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An improved laser-Rayleigh scattering photodetection system

D. R. Dowling*, D. B. Lang and P. E. Dimotakis
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Abstract. An improved photodetection system for high resolution
laser-Rayleigh scattering measurements has been developed that
utilizes a solid state detector coupled to a custom-designed. low-
notse. transimpedance amplifier. The resuiting system. based on a
PIN photodiode is less expensive. inherently safer. less delicate and.
depending on the detected light level. may exhibit higher signal-to-
noise ratios than photodetection systems based on photomultiplier
tubes. The frequency response of the system was designed to be
uniform 3% peak vanation) from DC to nearly 100 kHz. Concen-
tranon fluctuation spectra of a high scattering cross-section label (jet
fluidy gas discharging into a density-matched. low scattering cross-
section quiescent reservoir gas were measured using this system.
Spectral signal-to-noise ratios as high as 7 decades were achieved
under some conditions in parts of the spectrum.

1 Introduction

Laser-Rayleigh scattering is a well-established diagnostic for
single-point. time- and space-resolved measurements of the
mole fraction of a binary gas mixture in turbulent mixing
flows (Graham et al. 1974; Dyer 1979: Pitts and Kashiwagi
1984: Niwa et al. 1984: Arcoumanis 1985; Pitts 1986, Hau-
mann et al. 1987). It has also been used for two-dimensional
imaging of the near field of turbulent jets (Escoda and Long
[983: Namazian et al. 1987}, and for the measurement of
temperature in reacting flows (Dibble and Hollenbach 1980).
The diagnostic 1s nonintrusive and potentially capable of
high spatial and temporal resolution. In most experimental
configurations. the signal-to-noise ratio (SNR) of this tech.
nique 1s determined by the available laser power, the scatter-
ing cross-section (extinction coefficient) of the gas mixture
under study. and the characteristics of the photodetection
system. A detailed discussion of the techaique is available in
Pitts and Kashiwagt (1983). The relevant physical principles
are documented 1n McCartney (1976} and Jackson (1975).

The single-point Rayleigh scattering studies referenced
above relied on a photomultiplier tube (PMT) as the photo-

* Present address: Boeing Aerospace. MS 8H-29. P.O.B. 3999,
Seattle. WA 98144, USA

detecting element. The shot noise of the photodetection pro-
cess imposes an upper limit on the dynamic range of PMT
measurements (Robben 1971). The effectiveness of the detec-
tion process is governed by the quantum efficiency of the
photocathode of the photomultiplier tube. 7, ttypically
about 10% at optical wavelengths near 500 nm). and the
stage gain of the photomultiplier tube. 6, (Robben 1971
Pitts and Kashiwagi 1983). The relationship between 7,. ¢,
and the SNR of a PMT system is given in Sect. 3. Other
noise sources can usually be made insignificant compared to
the photodetection noise by using the PMT at high gain. as
we will discuss below.

We should recognize. however. that photomultiplier
tubes are delicate instruments. They can be easily damaged
by normal indoor lighting, and require special handling to
prevent mechanical shocks and stresses (Engstrom 1980).

‘They also require a relatively high operating voltage

{ ~ 1kV): not an insignificant safety concern. especially in the
presence of combustible gases. These considerations. plus
the high quantum efliciencies available from silicon detec-
tors prompted a study of aiternative svstems of Rayleigh
scattering photodetection. In this paper. we descnbe the
outcome of this study and. in particular. the resulting. im.
proved photodetection scheme, which is based on a mechan-
ically and optically rugged solid-state photodetector. requir-
ing a low voitage (~ 15 V) supply. The detector. a PIN
photodiode. has quantum efficiency. #,. of nearly 70% at
optical wavelenghts near 500 nm. The improved svstem uti-
lizes a special. low-noise. wide-band transimpedance am-
plifier that amplifies the detected photocurrent to produce
an output voltage of sufficient amplitude for subsequent
processing. The noise limit for this system is 4 combination
of the shot noise associated with the detected photocurrent,
the thermal (Johnson) noise of the resistor that the detected
photocurrent passes through. and the amplification noise of
the transimpedance amplifier.

We note here. that the use of photodiodes 1o detect Mie
scattered light is well developed in laser Doppler velocimetry
(LDV) investigations. The discussion presented here shows
that recent advances in the quality of both photodiodes and
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transimpedance amplifiers makes this combination a com-
petitor of PMT photodetection in Rayleigh scattering stud-
les. even though the effective optical cross section in the
latter case is orders of magnitude lower than for Mie scatter-
ing. which is usually employed in LDV experiments.

The performance of the current system and a PMT sys-
tem has been calculated and measured. The performance
formulae for these calculations are described in Sects. 2 and 3.
Comparnsons and discussions of the predicted and measured
performance of both systems are contained in Sect. 4. The
conclustons are presented in Sect. 5.

2 The transimpedance amplifier

Relative to a PMT. the main disadvantage of a PIN photo-
diode 15 that it has no internal amplification. Consequently.
it 1s necessary tc use a very low noise electronic amplifier to
amplify the photoelectricaily induced signal current. Con-
versely, for the PIN photodiode system to be a competitive
replacement for a PMT system, the electronic amplifier noise
must not be such as to offset the quantum efficiency advan-
tage it enjoys relative to a PMT.

Figure 1 shows block diagrams for both a conventional
amplifier and a transimpedance amplifier. The spectral noise
current for both amplifier circuits is given by the equation

2(f1=2q, g+ 1)+ i3 +ef{—l—z +(27th)z]+il-(’—T. (h
RL RL

In this expression. f is the frequency (in Hz), g, =1.602

x 1071 C is the charge of an electron, /g is the photo-

electrically induced signal current, I, is the leakage current

of the photodiode, i, is the amplifier input noise current (in

+V
"AAY
R,
Light Z':g;g'
Ingut =~
h Prnare——
H Signal
z=32z2¢ Output
-
Trans:mpedonce Amphtier
Yy
Lignt

input — 7 \ Protodiode

Signat
Qutout

Conventional Amonfier
Fig. 1. Photodiode ampifiers
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AN Ha). ¢, is the equivalent input noise voltage of the am-
plifier (in V', Hz). and R is the load resistance through
which I passes. The capitance C is the total capacitance of
the photodiode. amplifier input. and load resistor.
kg =138 x 1072>J K is Boltzmann's constant. and Tis the
absolute temperature in Kelvin. The first term 1n Eq. (1) 1s
the photodiode shot noise term. the second term is the am-
plifier input noise current term (including amplifier shot
noise). the third is the amplifier input voitage noise term. and
the last term is the thermal Johnson noise term (see also
Lang 1985. Appendix D).

To minimize the thermal tJohnson) noise term. R, was
chosen to be as large as possible 1100 MQ). This value
gives a thermal noise term of 0.013 pA | Hz. For a conven-
tional amplifier. the amplifier bandwidth is given by
4/ x2x R, ()" Hz. Unfortunately. even if the total capac-
itance C is as low as 20 pF. this value of R, gives a bandwidth
of 4 f~80 Hz! A transimpedance ampiifier. on the other
hand. has a bandwidth of J /= G, (27 R, C). where G, 1s the
(absolute value of) the transimpedance amplifier gain. Ac-
cordingly. a gain of G, > 1.200 is needed for 100 kHz band-
width,

Note that the ¢} term in Eq. {1) is multiplied by (2 1 C)°.
a factor proportional (0 / °. If (he am iifier input noise voit-
age is not to be a limiting factor. the product (2 z f Cie, must
be less than | 4k, T R;. At a frequency of 100 kHz. this
gives a target upper bound for the amplifier equivalent input
noise voltage of e, < 1.0 nV | Hz. Combined with the pre-
vious result. this imposes the simultaneous requirements:

e,<1.0nV Hz and i,< 0013 pA N Hz.

To minimize the contnibutions of ¢, and i, in Eq. (1. a dis-
crete Junction Field Effect Transistor (JFET) was used in the
input stage of the transimpedance amplifier, along with a
special compensation circuit that gives it the DC stability of
monolithic JEET op-amps. The values of ¢, and i, achieved
thereby were 2.5 aV | Hz and 0.002 pA | Hz. respectively.
Note that the higher value of e, will cause an increase in the
amplifier noise above 30 kHz. Nevertheless. this is still ap-
preciably lower than the 12nV | Hz input noise voltage
presently available from the best monolithic JFET op-amps.

Figure 2 shows the measured frequency response of the
photodiode transimpedance amplifier system. These mea-
surements were made by illuminating the photodiode with a
red light-emitting-diode 1 LED). dniven by a sinusoidal volt-
age plus a DC offset. The amplitude of the system response
was then recorded as the LED dnving frequency was swept
from 10 Hz to 10° Hz. The frequency at which the response
of the photodiode transimpedance amplifier system fell to
~0.70 of its pass-band response level was about 130 kHz.

3 Performance equations

For experimental measurements of electrical currents. the
SNR can be expressed as the rauo of the signal current. /.
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Fig. 2. Measured frequency response of the photodiode system

to the root mean square {rms) of the current {luctuations that
anse from noise SOUrces. i,,,. I.¢.

: 3 Is 3
SNR = 20 log,, ,—). (2)

rms

The root mean square of the noise current is. in turn, ex-
pressible as the integral over the spectral noise current
e

rd J.[ )
irms = J IHUNPE (NS = | i2()df, (3
n 0

where H (/) is the transfer function of the signal processing
system. and . f'is the effective bandwidth (Hz), as implicitly
defined in this equation.

For laser-Rayleigh scattering measurements. the average
signal current /5 can be estimated for either photodetection
system from the relation

u

ph

In this expression, g, is the charge of an electron. 7y is the
quantum efficiency of the photodetector. P, is the power of
the laser beam. E,, is the average photon energy, and xr is
the totai Rayleigh scattering extinction coefficient of the gas
mixture. The quantity Jd) is the effective length of the laser
beam segment which is imaged onto the photodetector. and
.15 the optical collection efficiency of the detection optics.
t.e. the fraction of total light scattered along Jy that is
collected on the detector.

For a pure gas. the Rayleigh scattering extinction coeffi-
clent x is given by (e.g. Jackson 1975):

Lt

I

3

-in - 1)%, (5)
where k = 2 4 1s the wave number of the laser radiation of
wavelength ~. n1s the index of refraction of the gas. and Vv
is the number density of the gas molecules. For a binary gas
mixture. the total extinction coefficient is just the number-
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weighted sum of the corresponding pure gas extinction coef-
ficients. i.e.

Ap =2, X = 2,01 = X). 16)

where X is the mole fraction of the gas whose extinction
coeflicient is given by x,. and 1z, is the extinction coefficient
of other gas. At constant temperaiure and pressure. Eqs. (4}
and (6) combine to make [ a linear function of X. which 1s
the basic utility of the laser-Rayleigh scattering diagnostic.

For the PMT system. a transimpedance amplifier with a
FET input op-amp (LF 356) was used to bring the output
signal current [,, = G,/ to useable levels. where (for a k-
stage PNT modeled with a gain of 6, per stage) G, = ¢*
denotes the overall gain of the photomultiplier tube. For this
photodetection system. the noise current spectrum (refer-
enced to the PMT input) i(f) was caiculated from the
relation 17 a)

ks T
R,
The first term is the photodetection shot noise term. This

includes the PMT multiplication noise M,, which can be
approximated by (e.g. Engstrom 1980}

M ———l_lef-x—l+l+l+ -0-1
A A A

hd 1 he 2 l kd
i;lf)=2q,.w,l$+a{i; +e;[R-z+(2an)']+

(7 b)

The terms inside the braces piay the same role as the corre-
sponding terms in Eq. (1).

4 Results and discussion

To measure the performance of the photodetection sy §jems.
some simpie experiments were performed in a sealed tes. ceil
that could be filled with a pure gas. A laser beam was focused
to a waist inside the test cell and the Ravleigh-scattered light
from a small segment of the beam was imaged one-to-one
onto the photodetector of the system that was being tested.
A diagram of this setup is shown in Fig. 3. The signal from
the photodetection system was digitized with a 12-bit, 4 D
converter controlled by a computer data acquisition system
based on a (DEC) LSI i1 73 CPU. The digitization rate was
180 kHz. The analog signal was low-pass (analog) filtered
with a 3-pole. Butterworth filter prior to digitization. The
“knee (requency” of this filter was set to 90 kHz in accor-
dance with the Nyquist criterion.

The performance of the photodiode system and of a PMT
system was measured under the same conditions and com-
pared to each other and to the expected results [Egs. i 1), i)
and (7). The laser was a CR-10 argon-ion system with a new
innova plasma tube. run at all the available lines to produce
a 21 W beam. The 2°%-98°% beam width near the waist was
measured to be 120 + 10 um. The collection optics had an
S number of about 2.5.
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Fig. 3. Coilection optics and photosensor

For the measurements described below. the PMT used
was an RCA # 8645 with an aperture limit provided by a
precision 200 um pinhole. The photodiode provided its own
aperture limit. possessing a sensitive-area diameter that was
also 200 pm (United Detector Technologies # PIN-HS 008).
The scattening medium was pure argon gas at room temper-
ature and | atm pressure. Figure 4 is a plot of the signal
current [ vs. laser power P, for the photodiode system
under the conditions described above. Small deviations from
perfect linearity are within the error produced by the slight
imprecision of the power meter used 10 monitor the laser
beam intensity. The predicted line, which is about 15%
higher than the measurements, was computed from Egq. (4)
with g =0.65. E,, =397 x 107'7J, 4y = 200 pm. 2 = 1.45
< {07° m, and #, =0.0092. The 15% discrepancy is most
likely the result of a slight overestimation of the coilection
efficiency 7.

Figure 5 is a plot of the predicted and measured curves of
izt /) I3 for the PMT and photodiode systems. The predict-
ed curve for the photodiode system was computed using
Eq.(1) and the measured value of I, at P, =21 W, corre-
sponding to a signal current of /5 = 127 pA. The other pa-
rameters in Eq. (1) were taken from the manufacturer’s data
sheets. looked up. or measured. The numerical values are:
I,=20pA. 1,=0002pA  Hz ¢,x25nV. Hz R, =
100 MQ. C = 20 pF and T= 300 K. We note that with these
values. the Johnson noise term in Eg. (1) accounts for about
three quarters of the towal spectral noise current for
1 < 10 kHz.

The predicted curve of i1 /) [ for the PMT system was
computed from Eq.(7) with /5 taken to be a factor of 7.22
t=n,n,) less than the measured value of /¢ for the photo-
diode system. The PMT had an 5-20 spectral response. a
quantum efficiency of #, = 0.09 at 500 nm. and 10 amplifica-
tion stages. The precise value of [ from the PMT system
could not be determined because G, was not accurately
known and the measurements vielded the product /,G,.
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When G, was "back calculated™ from the estimate of [
{x 18 pA) obtained from the photodiode measurement. a
value of G, = 10* was obtained. The stage gain of the PMT
was then estimated to be about 1.5. The other numerical
values used in Egq.(7) were: i, =0.01 pA/,, Hz. ¢, =15 nV
« Hz. R, =10 MQ. C = 15 pF. and T= 300 K. Under these
conditions. the calculated value of the first term in Eq.(7)
accounts for 85° of the spectral noise current for
f <100 kHz.

The measured spectra in Fig. 5§ were each computed from
21% (> 500.000) individual measurements and smoothed by
convolving with a one-tenth decade ( = 1 3-octave) averag-
ing filter for plotting. The overall normalization of each
spectrum is given by Eq. 3). Neither spectrum can be consid-
ered reliable below | or 2 Hz because of insufficient statisti-
cal confidence at those frequencies. The peaks in both spec- v
tra at 30 Hz are probably atinbutable to the current
regulator of the CR-10 laser system. The peaks at 60 Hz
come from the laboratory electncal environment. Details of
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the spectral estimation algorithm are discussed in Dowling
(19881,

As can be seen. there ts good agreement between the
calculated and measured values of iZ( /) /5. The only real
discrepancy shows up in the PMT results where the mea-
sured spectrum turns up at a lower frequency than the one
calculated. This disagreement is acceptable since the es-
timate of the effective capacitance C for the PMT system
could have been in error by a large factor. The “roll-off™ in
the measured spectra at the highest frequencies is the result
of the 3-poie Butterworth analog pre-filter.

The most important result of the data in Fig. 3 is that the
normalized noise spectrum from the photodiode system is
more than a factor of two lower than that of the PMT
svstem. even at the low signal levels derived from argon
scattering. This can be important in sensitive measurements
that require the highest SNR since:

3f
;A

SNR = — 10 log, J"'“df). (8)
\0

I3

Because the difference in i3 (/). I} between the two systems
depends on the magnitude of /s, it is possible to estimate the
value of /5 where the two noise-to-signai ratios are matched.
Le.

p o
] L[]
[ Jpur I jdiode

from Egs. i1) and (7). Using only the shot and Johnson noise
terms of Eq. (1). the first term of Eq. (7). and the same param-
eter esumates used in the computations for Fig. (5), the value
of the photodiode system current that satisfies the conditions
in Eq.(9) 1s about /5 = 50 pA. Above this value of /5. the
photodiode system will have superior performance when
compared to an optimal. i. e. shot-noise-limited. PMT system
with a stage gain of #, = 2.5.

The preceding discussion implies that the present photo-
detection scheme should provide superior SNR performance
for values of the laser power much less than 20 W. In partic-
ular. using Eq.(4) with 7, =0.0078 (the measured value),
3.3 W of laser power and a imaged segment of 4y = 200 um
are required for a photodiode system yield of I = S0 pA. If
fower spatial resolution is acceptable. e.g. Jv =1 mm. the
photodiode system will be superior at 1.65 W (or more) of
laser power. We should note that these calculations were
based on the estimated performance of both systems assum-
ing pure agon as the Rayvleigh scattering gas: a relatively
poor Ravleigh scatterer. In many situations where this diag-
nostic is applied. the total extinction coefficient x; will typi-
cally be higher. resuiting in a yvet lower “cross-over™ laser
power where the photodiode system is the one of choice. or.
for a fixed laser power. in a higher SNR for the photodiode
system.

Finally. we recogmze that while the performance of the
PMT system could be improved by increasing the stage gain

#.. a factor as small as 1.3 would result in an average PMT
output current far larger than the optimum recommended
by the manufacturer for this particular unit. The RCA
# 86435 was chosen for comparison with the present system
because it has good spectral response at optical wavelengths
near 500 nm. and it can be used at current gains which might
be considered low for many PMT applications. In fact. one of
the main reasons that the present detection system fairs so
well against the PMT is that the signal current levels of this
study are really too large for optimal operation of a PMT.
Hence. one important conclusion of the present discussion
is the location of the “cross-over™ signal current level be-
tween the competing photodetection technotogies. namely.
I~ 50 pA.

Even considering these factors. the present system has the
added advantage of flexibility. which allows it to be tailored
to the characteristics of the photosignal to be measured. For
exampie. the “flat” noise level seen in Fig. 5 could be lowered
further by using a larger load resistor and or cooling it. The
location of the “turn-up” point of the spectral noise current
could be pushed to higher frequencies by a lower value of the
input capacitance C. perhaps obtainable from a different
input JFET. The width of the uniform portion of the system.
pass-band can be adjusted. within the feedback loop stabulity
limits, by changing G,. C or R,.

The present system has been succesfuily used for the mea-
surement of the time- and space-resolved mole fraction in
the mixing regiosn of a round turbulent jet at a Reynolds
number of 1€,000. Figure 6 is a plot of the power spectrum
of the mole fraction fluctuations measured at a point located
30 jet-exit diameters downstream of the nozzie exit (- d
= 30), and haifway between the centerline and the edge of
the jet. The mean mole fraction of the jet fluid (propylene) at
this location was about X = 0.063. The horizontal portion of
the unfiltered spectrum at high frequencies is the noise level
of the new detection system. Mie scattering from dust parti-
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cles was removed from the sampled data with a matched-
filter detection scheme. and some simple interpolation soft-
ware (see Dowling 1988, Appendix E, for aditional details).

The high signal-to-noise ratio and the form of the noise
spectrum lend themselves to further processing of these data
using (optimal) Wiener (1949) filtering. This. in effect, further
improves the dynamic range of these measurements beyond
the 6 orders of magnitude seen for the unfiltered data in
Fig. 7. Sample time histories of the mole fraction measure-
ments X (r). and the corresponding Wiener-filtered time
trace X are depicted in Fig. 7. The spectrum of the
Wiener-filtered mole fraction records appears as the dashed
line curve in Fig. 6. Further details of the turbulent jet data
are discussed in Dowling (1988) and Dowling and Dimotakis
11988).

$ Conclusions

It has long been appreciated that at relatively high detection
levels solid state photodetectors can yield improved signal-
to-noise characteristics. Our caiculations and measurements
of performance demonstrate. however, that it is possible to
substantially improve on the SNR obtainable from a “shot-
noise-fimited”. PMT-based photodetection system even at
light levels derived from laser-Rayleigh scattering by a gas at
atmospheric pressure. This can be realized with a high quan-
tum efficiency. solid-state photodetector coupled to a well-
designed. matched transimpedance amplification system.
The improved photodetection system is also safer and per-
haps easier to use than conventional PMT-based systems
because 1t is mechanically and optically rugged. less expen-
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sive. less delicate. and does not require a high operating
voltage.
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